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Abstract: Due to its relatively high tensile strength and dense matrix, UHPFRC has proven to be a highly
effective building material for both strengthening existing reinforced concrete structures and constructing new
ones. In both cases, the use of fasteners is prevailing, with threaded anchors being frequently employed. The
thicknesses of structural components made of UHPFRC are relatively thin, i.e., at least 30mm, typically 50 to
100mm, and exceptionally 100 to 200mm. Therefore, the aim is to use fasteners with short anchorage lengths.
In this study, the structural behavior of a short threaded anchor with a 20 mm diameter and an embedment
length of 50 mm (2.50) in UHPFRC is investigated using non-linear Finite Element models. UHPFRC is
assumed to exhibit tensile strain-hardening behavior, with tensile strengths of 7 MPa and 11 MPa, respectively.
The modelled anchor was subjected to a continuously increasing uniaxial pull-out force. The results indicate
that the fracture mechanism of threaded anchors in UHPFRC is primarily characterized by the formation of a
tensile membrane within the UHPFRC, which acts as the main resisting element against the pull-out force.
Additionally, the influence of UHPFRC's tensile properties on the pull-out behavior and ultimate resistance of
the threaded anchors was determined.

Keywords: short anchorage; threaded anchor; numerical simulation; structural behavior; pull-out
force

1. Introduction

1.1. Industrial Demands and Research Motivation

The use of Ultra-High Performance Fibre Reinforced Cementitious Composites (UHPFRC) in
structural engineering, particularly for constructing thin structural elements such of fagades, bridges,
and highly stressed fixed railway tracks, has revealed a need for anchorage systems with short
embedment lengths. Current commercial anchorage systems were originally designed for concrete
applications, with a minimum length of 80 mm, which is non-applicable for the constructive design
of UHPFRC structural elements with thicknesses between 30 mm and 100 mm.

A recent application in the domain of fixed railway tracks [1] involved replacing damaged
concrete monoblocs of 24 cm height by 11.9 cm-thin UHPFRC pedestals after only 40 years of
operation. A comparison of project variants showed that, due to its relatively high mechanical
strength and durability, UHPFRC can provide significantly more effective engineering solutions,
both economically and technically, compared to traditional reinforced concrete. One of the challenges
in this project was to define rail fasteners that were compatible with the entire fastening system. These
fasteners had to be 20 mm in diameter but required a short embedment length. Additionally, the pull-
out resistance of the anchorage in UHPFRC had to be determined. This project highlighted the need
to further investigate the pull-out resistance of short anchors to optimize UHPFRC-based fixed
railway track systems.

Moreover, the mentioned minimal anchor embedment length of 80 mm in concrete presupposes
anchoring within the reinforcement layer near the surface. The pull-out resistance of such anchors in

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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concrete has been well-studied through numerous laboratory tests and investigations, resulting in
four main fracture modes [3]: (a) Pull-out of a concrete cone, (b) Fracture of the anchor, (c) Pull-out
of the anchor, and (d) Combined fracture of the concrete cone and anchor pull-out.

Since UHPEFRC has significantly different properties from concrete, particularly in terms of
tensile strength, fatigue resistance, and ductile deformation behavior, the fracture modes shown in
Figure 1 for concrete cannot be directly adopted for UHPFRC.

Figure 1. Schematic presentation of the fracture modes of cast-in-place threaded steel anchors in
concrete or cementitious material with low tensile strength according to [7].

1.2. Research Objective

The main objective of this research is to investigate the structural behavior of UHPFRC under
quasi-static, continuously increasing forces applied to short threaded anchors. This will be achieved
by using non-linear finite element analysis as the first step in the investigation process.

To the best of the author's knowledge, no study is currently available on the structural behavior
and pull-out resistance of UHPFRC, with tensile properties as shown in Figure 1, for anchors with
short embedment lengths subjected to pull-out loading.

2. Materials and Methods

2.1. UHPFRC Material Properties

The Ultra-High Performance Fibre Reinforced Cementitious Composites (UHPFRC) is
composed of a cementitious matrix of optimized high packing density, which is strengthened by a
high amount of short, slender steel fibers. It has a compressive strength of more than 150 MPa and a
tensile strength of more than 12 MPa while developing pronounced tensile strain-hardening and
strain-softening behavior [6]. A further relevant property of UHPFRC is its extremely low
permeability for water, leading to a highly durable material.

The UHPFRC response in tension (Figure 2) and compression is fundamentally different. Under
direct compression, the material remains quasi-elastic almost until reaching the compressive
strength. Under direct tension, three domains of material behavior are observed: (1) the elastic
domain until the elastic limit stress fue is reached, (2) beyond, quasi-linear strain hardening occurs
when matrix discontinuities form, until the tensile strength fuw is attained, and (3) gradual softening
of a single discrete crack in the weakest cross-section of the specimen, finally leading to material
fracture. The fracture zone (3) is a transitional regime of a so-called fictitious crack, developing from
a continuum to a real (stress-free) crack.

In addition, the fatigue endurance limit has been determined to be at a maximum fatigue stress
level of 70% of the elastic limit stress for UHPFRC subjected in the elastic domain, at about 55 — 65%
of the elastic limit stress for UHPFRC subjected in the strain hardening domain and 45% in the strain
softening domain.
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Figure 2. Tensile response of UHPFRC.

2.2. Methodology

To determine the failure mechanism of short threaded anchors embedded in UHPFRC and their
pull-out resistance, a numerical approach was found to be efficient. The tensile and compressive
properties of UHPFRC had already been tested through many uniaxial tensile and bending tests [2],
[5]. These tests were used to calibrate the simulated material properties for the numerical model,
which was subjected to a continuously increasing uniaxial pull-out force.

The numerical analysis was conducted using the finite element software ATENA[12]. The
suitability of this program for the intended purpose was confirmed by the first author’s prior
experience in investigating damage of load-bearing structures made of reinforced concrete, including
the Gotschna road tunnel and the Adler railway tunnel in Switzerland. Additionally, ATENA was
used for designing rehabilitation measures for the fixed railway track at Zurich Airport station using
UHPEFRC [1,2]. In the damage investigations of the mentioned tunnels, monitoring was conducted,
which validated the results of the numerical analysis.

In the frame of this research, the numerical modeling was carried out as follows:

1. Simulation of previously conducted 4-point bending tests, following [4] (pp. 4-5), using
UHPEFRC properties from test B4 (p.6). The numerical model was also tested using UHPFRC
properties of specimen T1-2 from [3] (p.5 Table 2, p.9 ) and specimen TIII 000-1 from [5] (p.19
Table 3.2, p.94). The simulated 4-point bending test served as an auxiliary model.

2. Calibration of the finite element mesh using the auxiliary model.

Simulation of the numerical model to investigate pull-out resistance.

4.  Sensitivity analysis and calibration of the finite element mesh size.

W

The geometry of the steel anchor was slightly modified for numerical purposes; the flanks of the
threaded anchor were modeled with the same surface, thread angle, and pitch as a B500B rebar with
a diameter of 20 mm, but without a helix angle.

2. Literature Review

Previous laboratory tests were mainly conducted on fiber-reinforced concretes, high
performance fiber-reinforced concretes, or different types of UHPFRC with low steel fiber content,
usually 0.1 % - 1.6 %. In addition, epoxy glue and other synthetic materials were used as bonding
materials for anchors. In some cases, UHPFRC itself was used as a bonding material for post-installed
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anchors in concrete [4]. All reported laboratory tests failed by anchor pull-out (Figure 1(c)), fracture
of the anchor (Figure 1 (b)), or a combined fracture (Figure 1 (d)), except the particular type of facade
anchors discussed below. Thus, the pull-out resistance of UHPFRC could not be directly determined,
nor could the structural behavior be investigated based on these laboratory tests.

Satoh et al. [4] conducted pull-out tests on post-installed adhesive anchors in concrete, which
were fixed in a borehole of 30 mm diameter using UHPFRC and analyzed the results using a finite
element model. The anchors with 25 mm, 50 mm, and 75 mm embedment lengths were tested. The
UHPERC, with a compressive strength of 100 MPa and tensile strength of 10 MPa, had a fiber content
of only 1.57 vol. %. The tests revealed that the pull-out of a concrete cone (similar to Figure 1 (a))
occurs in the case of the shortest anchor with an embedment length of 25 mm, and the combined
fracture mode was observed in the case of 50 mm and 75 mm embedment lengths (Figure 1 (d)). This
research showed that using UHPFRC instead of the grouting mortar increases the bond between
anchor and concrete and thus increases the pull-out resistance of anchors fixed in concrete. In
addition, the finite element analysis [4] showed that critical cracks appeared in concrete and led to
the formation of the fracture cone.

Kalthoff et al. [5] investigated the pull-out behavior of threaded anchors with a relatively short
pitch in UHPC (ultra-high performance concrete) with 0.62% to 1.86% fiber content and concrete. The
pull-out resistance in the tested UHPC was up to 53% higher than in concrete. Moreover, it was
pointed out that using short anchors in concrete is unreliable and thus not recommended. A good
bond was achieved just in the case of anchorage in UHPC. Furthermore, the same fracture mechanism
for UHPC and concrete was initially assumed. However, no specific investigation of fracture mode
was conducted, and thus, the results could not be used for the interpretation of the fracture
mechanisms observed in this work.

Fehling and Lorenz [6] investigated the bond behavior of rebars in UHPC. They performed three
series of pull-out tests on rebars with diameters ds = 12 mm and 14 mm anchored in UHPC with 0.1%
to 1.5% steel fiber contents, in which different parameters were varied:

1. The first test series investigated the influence of UHPC cover thickness on the fracture mode.
The pull-out force was applied to the rebars with embedment lengths ranging from 2ds to 12ds
anchored in the UHPC specimens with the UHPC cover of ds to 2.5ds. It was found that the
increase of UHPC cover leads to the disproportionately lower increase of the average bond
strength at maximum force. Furthermore, splitting of UHPC was observed in the case of rebars
with an embedment length of 8ds anchored in UHPC of 1% fiber content and UHPC-cover
smaller than 2.5 ds.

2. The effect of conventional steel reinforcement bars deployed in the transverse direction was
investigated in the second series. The pull-out force was applied to the rebars with an
embedment length of 2ds to 5ds anchored in the specimens with a UHPC cover of 1ds to 2.5ds.
The results show that transverse reinforcement bars do not increase the pull-out resistance in
the tested case.

3.  The influence of fiber content on bond strength was investigated in the third series, which was
performed on the UHPC specimens of the length of 780 mm, width of 300mm, and height of 360
mm with the anchored rebars with embedment lengths of 3.5ds and 5ds. The steel fiber content
was 0.5, 1 and 1.5%. The type of fibers and the heat treatment were the same as in the second
test series. The UHPC cone fracture type was observed in the case of UHPC cover larger than
2ds and embedment length of 3.5ds to 5ds. In the case of a very large (not exactly defined) UHPC
cover, a combination of UHPC-cone and splitting cracking was observed.

The tests reveal that UHPC with fiber content up to 1.5% behaves similarly to concrete. Thereby,
the UHPC cone fracture in analogy to Figure 1 (a) occurs just in the case of the shortest embedment
length, which was of sufficient size to allow for fracture cone formation. Moreover, on the photo
showing the fracture mode (Figure 7 in [6]), radial cracks are identified, which indicates that the
tensile strength of UHPC in the tangential direction around the rebars was reached.

Grzesiak et al. [7] investigated facade anchors fixed in high-performance polypropylene fibre
reinforced concrete (HPFRC). The stiff polypropylene fibres with a diameter of 0.70 mm and a length
of 30 mm are three times larger than usual steel microfibers (for instance, the steel microfibers in a
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commercially available UHPFRC-mix are 13 mm long and have a diameter of 0.175 mm). Two types
of facade anchors with an embedment length of 25 and 26 mm were used. In both cases, the fracture
mode was a pulled-out HPFRC cone, which is very similar to the typical fracture cone in concrete,
according to Figure 1 (a). Thereby, the inclination between the fracture surface and the specimen
surface was about 35°. In the case of the adjustable suspended tension anchor, the pull-out resistance
of the HPFRC cone increased up to 250% with increasing polypropylene fibre content from 10 to 35
kg/m3. The pull-out tests for the adjustable spacer bolt showed no significant improvement in the
pull-out resistance due to increased fiber content.

The research findings indicate that increasing steel microfibre content increases the pull-out
resistance. Generally, a better bond can be achieved between a threaded steel anchor and UHPFRC
than in concrete. With increasing steel microfibre content, the fracture mechanism changes from a
pure fracture cone, according to Figure 1 (a), to a combined fracture mechanism, according to Figure
1 (d). Furthermore, in UHPFRC with polypropylene fibers, just as in a steel fiber-reinforced concrete,
an increase in the pull-out resistance of the fracture cone is observed. The fibers that traverse the
fracture surface are anchored on both faces of the crack, transmitting tensile stress.

3. Numerical Simulation

3.1. Aim

Current non-linear FE programs allow for accurate modeling of the properties of cementitious
building materials and structural elements to simulate the structural behavior up to maximum
resistance and into the post-peak domain. These FE models are often used for detailed analysis of
laboratory test results and investigation of the mechanical behavior of structures, considering specific
loading conditions. Such finite element simulations presuppose that the cementitious building
material is idealized as a continuum with a predefined constitutive stress-strain law.

In the following, the structural behavior of UHPFRC near a short, threaded anchor subjected to
uniaxial quasi-static loading is investigated by means of non-linear finite element analyses.
Moreover, it will be demonstrated that numerical simulation is an efficient approach for designing
laboratory tests or in-situ monitoring of structures.

3.2. Numerical Model

The presented numerical model corresponds to a common and frequently encountered
application scenario for increasing the load-bearing capacity of a reinforced concrete (RC) slab due
to the application of a UHPFRC layer and the need to fix a tensile element on the top of a slab. To
the existing RC element, a 50 mm thin layer of UHPFRC is added. An alternative application case to
the building of the numerical model could also be a model that represents a thin UHPFRC structural
part, but, in this case, an additional boundary condition would be needed to obtain compliance of
this thin structural part under the pull-out force.

Further, as known from numerous laboratory tests and realized projects, a monolithic bond is
obtained between the concrete and the UHPFRC layer. Thus, the numerical model assumes a
monolithic bond between both building materials and that no cracking or fracture occurs in the
concrete layer below the anchor. Based on this, assigning only UHPFRC properties to the macro-
elements representing the UHPFRC part of the composite slab is sufficient, making the numerical
analysis easier and more efficient. Figure 3(a) presents the concept of the numerical model. A
rectangular element (1) of 0.5mx0.5mx0.5m is cut out from a large composite slab, consisting of a
concrete part with a thickness of 0.45 m and a UHPFRC layer of 50 mm, which are monolithically
connected. A short, threaded anchor of 20 mm diameter (2), with an embedment length of 50 mm
and six force-transmitting flanks, is fixed in the UHPFRC layer during casting. The size of the anchor
flank surface corresponds to a common rebar. Figure 3 (b) shows the numerical model using the finite
element program ATENA [8]. The anchor is modeled with six 5 mm wide flanks distributed evenly
along the embedded part according to Figure 4. Because of the non-orthogonal shape, the tetrahedra
mesh with an element size of 3 mm was assigned to the anchor. The simulated slab part is subdivided
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into three areas. The inner orthogonal macro element around the anchor with a size of
0.1mx0.1mx0.1m (Figure 3 (b)) has the same mesh type and size as the anchor. The macro-element
anchor and the macro-element UHPFRC are monolithically connected to simulate the UHPFRC -
steel bond behavior. The outer upper area of the UHPFRC element is subdivided into eight
orthogonal macro elements, to which the hexahedra mesh type of the element size of 23 mm was
assigned. The lower area of the UHPFRC element serves only for self-weight and is statically
irrelevant, as only the upper area will be affected, as shown below. This area was subdivided into
nine orthogonal macro elements with hexahedra mesh of 100 mm element size for geometrical
reasons. All macro elements representing UHPFRC are monolithically connected. The size of finite
elements in the numerical model was iteratively determined, calibrated using the auxiliary model
according to 2.2 and tested to ensure force transmission from the anchor to the UHPFRC over the
surfaces of the flanks.

Note that the size of the representative slab part (Figure 3 (a)) has been chosen so that the
horizontal supports (4) are placed outside the area with UHPFRC - anchor interaction. The self-
weight of this representative slab part is greater than the maximum pull-out force, such that the
reaction of the vertical support (3) is always in compression. In addition, since the focus is to analyze
the structural behavior of UHPFRC and how the pull-out force is introduced in UHPFRC structural
parts, the numerical simulation of anchor slip in UHPFRC is not performed, since the term slip refers
to the limited abrupt displacement of the anchor, during which no force is introduced into the
UHPERC. A sensitivity analysis was performed to justify this assumption. For this, the interface
elements between the anchor and the UHPFRC macro-elements were inserted into the original
model, and the horizontal stiffness (friction) was varied. This sensitivity analysis showed that no slip
was observed even at very low friction in the case of this specific numerical model, and as a result,
the compressive force introduced in UHPFRC above the anchor flanks remains the same during each
loading step in the numerical models with and without interfaces. The only difference between both
models obviously was the computing time, which was longer in the case of the model with interfaces.
This sensitivity analysis does, however, not claim that a slip between UHPFRC and the anchor could
not occur in real structural elements.

Further, Figure 4 shows the concept of force introduction from the threaded anchor into the
UHPFRC bulk material, as considered in the numerical model. The applied pull-out force causes
tensile stress in the anchor, which leads to compressive stress acting on the contact surfaces between
the anchor flanks and the UHPFRC. The resulting inclined upward compressive stress fields in
UHPEFRC lead to the formation of a horizontal near surface tensile stress field in UHPFRC, as will be
discussed below. The maximum compressive force that can be introduced into the UHPFRC over a
flank is limited by the compressive strength of UHPFRC.
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Figure 3. (a) Schematic illustration of the set-up; (b) numerical model and illustration of the formation
of discontinuities and propagation of a fictitious crack in finite element.
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Figure 4. Stress transfer from steel anchor to UHPFRC along the contact surface of the anchor rib with
the UHPFRC.

3.3. Modeling of UHPFRC

The theoretical background of the numerical modeling of UHPFRC and the programming
aspects are described in detail in [13]. The following is the summary of the relevant steps of numerical
computation in ATENA. Table 1 summarizes the mechanical properties of two UHPFRC products
used in this study. Both commercially available UHPFRC products were already used in previous
research for laboratory tests. UHPFRC 7 corresponds to TIII 000-1 according to [5] (p. 94) and
UHPFRC 11 corresponds to T1-2 according to [3] (p.9).

The mechanical properties of UHPFRC were modeled using a fracture-plastic material model
(CC3DNonLinCementitious2User [13]), in which the constitutive models for tensile and compressive
behavior are combined. The fracture model is based on the smeared crack model that presupposes
the Rankine failure criterion. A pointwise defined tensile softening law close to a linear function is
used (Figure 5). The plasticity model is based on the Menétrey-Willam failure surface. The fracture
and plasticity models are combined by the strain decomposition method after De Borst [14] [13] and
the return mapping algorithm is used to determine the elastic predictor. Due to strain decomposition
after De Borst [14] into elastic €ik, plastic i, and fracture eijf components (ei= eijet €ip + i, [,=1,2,3,4),
the stress equivalence in both models is guaranteed. The new stress state is determined according to
the formula oin= oij-1+Eiji(Aei- Acky - Ackip), where the Aewy and Aewr are increments of plastic and
fracture strain. As mentioned above, the Rankine criterion Fi= 0ij-fii<0 is considered in the numerical
simulation of the softening behavior [13], where i is the tensile stress calculated according to the
formula: it = Gijn-1+Eiki(Ackte caict Ackip cale + Aekif catc), fii is the tensile strength in the principal stress
direction i, and k is the failure surface. If the calculated tensile stress ciit is higher than the tensile
strength fi, then, in the next iteration step 7, the tensile stress is recalculated such that the final tensile
stress satisfies the condition: Fi= giin-fii =0.

Assuming that the increment of fracture strain A«xris normal to the failure surface k, it follows
that Ae=AA-OFy/doi= AA-6k, where AA is the increment of the fracturing multiplier. By the
substitution of the tensile stress giin= gij- Eijxi-Aekir and the increment of the fracture strain Aexyinto Fi=
oiji-fii =0, the fracturing multiplier is determined as follows: AA= o-fir/ Exax. Further, the crack opening
Wk max is determined by the sum of the total value of the fracture strain exs and the current increment
of the fracturing strain A« = AA-O, multiplied by the characteristic length L wk max =Le(expt Ackig). 1t
should be noted that, in the present study, the characteristic length L: is defined as the projection of
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the geometric size of the finite element on the axis in the direction of the principal strain and
corresponds to the characteristic crack! bandwidth [11], as shown in Figure 3 (b).

Further, Figure 5 presents the tensile law of UHPFRC, modeled pointwise in the elastic, strain-
hardening, and strain-softening domains. Until the localization of strain (&), the stress-strain curve
corresponds to the stress-strain constitutive law. After exceeding the localized strain €+, the material
law is adjusted to the actual crack band L: [16] as follows: &f curren= €tioct( €~ €tioc)/Li/Licn, thereby,  Lich
is the measuring base used to determine the strain value.

Note that the mentioned crack band model was initially developed for concrete. Since concrete
is a cementitious material with low tensile strength and without strain-hardening domain, tensile
strain softening occurs immediately after reaching the tensile strength when the fictitious crack starts
to develop. Unlike concrete, UHPFRC shows matrix discontinuities and no real crack until reaching
the deformation w (es=I¢/2) corresponding to half of the maximum fiber length Is. Therefore, the crack
band model can be interpreted as a discontinuity band model in the case of UHPFRC.

Table 1. Tensile properties of the two used UHPFRC products.

Tensile properties of UHPFRC
according to [3] (p.5 Table 2, p.9) and [5] (p.19 Table 3.2, UHPFRC11 UHPFRC7

p.94)
Tensile strength fur  [MPa] 115 7.1
Elastic limit fue  [MPa] 9.8 6.9
Strain in UHPFRC at the tensile strength  euw  [%o] 2.29 1.5
Strain in UHPFRC at the elastic tensile cve %o 0.22 015
strength
Fiber length Iy [mm)] 13 13
Fiber diameter dr [mm] 0.175 0.16
fiber content Vol. [%] 3.8 3.0
12
11 ;
10 \
9 \
|
8 |
— 7 \
T g |
251
¢ 4 |
AN |
2 |
I g
1 | 4 2 = T
0 0 -
O N S W 0 O N < W
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strain [%o ]

UHPFRC11 UHPFRC7?

1 The definition of "crack" in the case of UHPFRC means multiple fine cracking of the cementitious
matrix of UHPFRC. Tensile stress is transmitted by the steel fibres. In this paper, this type of cracking

is called “matrix discontinuity”.
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Figure 5. Assumed tensile stress-strain curves based on the tensile properties of the two UHPFRC

products according to Table 1.

4. Numerical Simulation of the Quasi-Static Structural Behavior of UHPFRC Substrate

4.1. Modeling of Quasi-Static Loading

The quasi-static pull-out force is modeled as a gradually increasing uniaxial force with 5kN per
loading step acting at the top of the steel anchor. To simulate the post-peak domain, the arc-length
solution method was used [13]. Note that for studying this model, knowing the exact force introduced
into the UHPFRC body is crucial. Therefore, the introduced force in the UHPFRC body is monitored
on the level of the top UHPFRC surface, as shown in Figure 7. This modeling results in pull-out force—
displacement curves shown in Figure 6. The finite element simulation ran until no more change of
the introduced pull-out force was observed in the post-peak domain. The numerical simulation was
interrupted manually when at constant pull-out force the displacement at point O (Figure 7) was
increasing which was interpreted as pulling out of the threaded steel bar from the UHPFRC substrate.

250
100%|F

200

100% F UHPFRC11
UHPFRC7

150

100
# 30%F,

50

Force [kN]

pulling out

0
ON=HANNMLS NN OLW!N
O = &N ®m < un ©

Vertical displacement [mm]

Figure 6. Force-Displacement Diagram UHPFRC7 and UHPFRC11.
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Figure 7. Normalized pull-out force—displacement diagrams for pulling the threaded anchor & 20
mm lembedment="50 mm out of two different UHPFRC types.

5. Results

5.1. Pull-Out Force-Displacement Curves

To investigate the effect of increasing the tensile strength of UHPFRC on the force-displacement
behavior and the fracture mode, the force-displacement diagram was normalized. Figure 7 presents
the normalized pull-out force-displacement curves obtained for UHPFRC11 and UHPFRC7.
Thereby, the maximum vertical displacement is assumed to be the displacement at which no more
force change was registered; respectively, the threaded anchor will be pulled out from the UHPFRC
substrate. It can be seen that the ultimate force Fu of the anchorage was achieved at 16% of the
maximum vertical displacement for UHPFRC11 and 30% of the maximum displacement for
UHPFRC?.

Analysis of the absolute magnitudes of force and displacement (Figure 6) reveals that the
computed ultimate force of the anchorage is similar, i.e. 234 kN in UHPFRC11 and 227 kN in
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UHPFRC?7, reached at the same vertical displacement of 0.7 mm in both cases. However, the post-
peak domain is different. In UHPFRC7, the post-peak domain shows relatively little deformation
while the force decreases to 70% Fu with increasing vertical deformation thereafter at constant force,
indicating pulling-out mechanism. In the post-peak domain of UHPFRC11, the force decreases to
33% Fu, then only the vertical deformation near the anchor increases.

In both cases, no real crack occurs in the tensile membrane during the entire loading process.
The strain increase in the membrane leads to a widening of the opening between UHPFRC and the
anchor. This means that the ultimate force of the anchorage does not correspond to the ultimate
resistance of the UHPFRC membrane. Moreover, the numerically simulated pull-out behavior shows
three domains with different slopes, corresponding to three stages of the pull-out process. Therefore,
for the detailed analysis of the numerical results, the entire loading process is subdivided into three
phases: Phase I: loading up to 30% Fu, Phase II: loading up to 75% F, and Phase III: loading up to
100% Fu and post-peak. Using plots of principal strains at each loading phase and in the post-peak
domain, the tension and compression fields and, thus, the fracture process are analyzed as follows.

5.2. Pull-Out and Fracture Process

Figures 9 (a) and (b) show plots of maximum principal strain at the end of phases I, II, and when
achieving 100%Fu. These plots are supplemented with red and blue arrows to clarify the
development of tension and compression fields. The red arrows highlight the tensile strain
propagation in the radial direction, and the blue arrows show the direction of the compression field
extension extracted from the plots of minimum principal strain. Positive values of principal strains
correspond to tension and negative values to compression.

In phase I, which extends from 0 kN to 30% Fu, the pull-out process starts to propagate in the
upper part of the UHPFRC layer around the threaded anchor within an approximately 5 mm thin
horizontal circular tension strain field (erd). Additionally, an inclined tensile strain field (&cone)
develops perpendicular to the UHPFRC cone forms.

These strain fields reveal that the pull-out force introduced via the threaded anchor produces
initially conical compression (-¢) and circular horizontal tension fields () in the near surface
UHPFRC layer. If no fracture of the steel anchor occurs, and compression (oeompession(-£)<fuc) and tension
(Otension(€rad) <furu) are transmitted in the UHPFRC substrate, the anchorage is functional. Thereby, the
UHPFRC next to the threaded anchor enters into the strain-softening domain, already at F=10-15%
Fu.. UHPFRC in the softening domain in the state at the end of phase I (30%Fu) is shown with the
orange color for UHPFRC? and the purple color for UHPFRC11 according to the scale on the right of
Figures 9 (a) and (b). Further, the inclined tensile strain field (&cn) extends over the entire UHPFRC
region that comprises the threaded anchor and the UHPFRC cone, including the mentioned circular
horizontal tensile (¢r1) and conical compression (-¢) strain fields. In addition, phase I is characterized
by the quasi-linear path on the force-displacement diagram indicating elastic behavior.

During phase II, extending up to 75% F., the horizontal circular tensile strain field (&) increases
further and encompasses the UHPFRC cone (lone) completely, as depicted by the plots of principal
strains.

Moreover, with increasing circular tension strain field (&rai , Imemvrane), the height of the UHPFRC
cone decreases (lone — 0). And at the end of phase II, the anchorage mechanism consists of alone the
circular tension field of thickness (lmembrane) which is equal to the embedment length of the threaded
anchor lembeament. From a static viewpoint, the circular tension strain field (&) behaves like a tensile
membrane. On the force-displacement diagram, phase II is characterized by non-linear force-
displacement behavior between 30% F. and 75% Fu.

Phase III begins with the fully formed tensile membrane of thickness Imembrane 1.0~ 1.1 lembedment as
the main resisting part against the pull-out force. Since the pull-out force acting through the threaded
anchor leads to compression at the contact surfaces between the anchor flanks and UHPFRC (Figure
4), the inclined conical compression strain field (-¢, Figure 8 (a) and (b)) is also observed within the
tensile membrane and causes additional increasing tensile strain in the upper third of the tensile
membrane.


https://doi.org/10.20944/preprints202409.2131.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 September 2024

12

Principal Strain 30% F, Principal Strain
 «Max UHPFRC7 IR % UHPFRC1L
£ 0.012000 i S 01043750
0.011800 2™ 0.020000
0.011800 0.035000
0.011700 [m 0.030000
0.011600 00.025000
0.011500 00.020000
0.011400 0.015000
0.011300 0.014000
0.011200 0.013000
0.011100 0.012000
0.011000 0.011000
. 5 0.010000 |5 0.010000
=P 0.009000 =4 0.009000
£#5 0.008000 : 5{+ 0008000
= 0.007000 i — k& 000700
0.006000 i { 0.006000
0.005000 0.005000
0.004000 (0.004000
0.003500 0.003500
0.003000 (1.003000
0.002280 - 0.002290 |, _y og
0.002200 100%F, %R [, noozzon 2 E
<8 o000, _, o), 01002000
£ 0.001000™7" g gggsggg
£/ - 0.000500 z ‘
~ L 0.000220 il pooozan 02%
0.000200 1,20, 15% 01.000200
0.000100 00.000150
0.000100 0.000100
0.000050 (1.000050
0.000020 0.000020

vertical scaled view of the maximal principal strain
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Figure 9. Schematic representation of the stress and strain distribution within the tensile membrane.

5.3. Failure Process within the Tensile Membrane

Next, the failure process within the tensile membrane is analyzed. Figure 9 presents
schematically the strain (&) and stress (fi) distribution within the tensile membrane. Figures 12 and
13 show the state of the strain distribution in the radial direction ( &d) in the annular circular tensile
membrane every 54 kN until F. is reached. The step of 54kN was chosen iteratively to monitor the
development of the tensile membrane. The dashed arrows indicate the radius of the tensile membrane
that corresponds to the loading given on the dashed arrows. According to the legend below the
diagrams, the color curves present the strain distribution within the tensile membrane in the
mentioned loading steps. From these diagrams, the development of the tensile membrane and the
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strain distribution during the entire loading process can be depicted. The diagram shows that the
maximum radius (Rmembranc) is 250 mm, and the outer part of the membrane, corresponding to 60% of
the membrane radius, remains in the elastic domain during the entire loading process. UHPFRC next
to the anchor enters into the softening domain, still within the loading phase I according to Figure 7.
The comparison of Figure 10 and Figure 11 reveals that the tensile membrane in UHPFRC11 is bell-
shaped and more pronounced in the inner part than in UHPFRC?, whereas the tensile membrane in
UHPFRCY is less pronounced and shows the shape of an arch.

Membrane UHPFRC11 Membrane UHPFRC11

234kN

Rusembrane 218 kN
Ritembrane 234 kKN

sdftening 44%

strain in the membrane [ %.e)
&
strain in the membrane [ %o]

< o
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(a) (b)

Figure 10. Strain-distribution in the tensile membrane for UHPFRC11: (a) strain distribution 0-44 %/oo,
(b) strain distribution 0-4 /.
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Figure 11. Strain-distribution in the tensile membrane for UHPFRC?: (a) strain distribution 0-14 %o,
(b) strain distribution 0-1/oo.

Further, the diagrams shown in Figure 12 provide the main parameters, i.e., the radius of the
tensile membrane Rumembrane and the thickness of the membrane lmemrane during the loading process.
During loading phases I and II, the tensile membrane forms, and the rate of increase in the radial
direction is up to 5 times higher than in the vertical direction.

The tensile stress remains constant within a limited part of the membrane with a constant
diameter where failure occurs. However, more volume is activated within the substrate around the
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anchor where the tensile membrane develops, and the tensile stress is distributed such that the outer
part of the tensile membrane, corresponding to 60% of the radius, remains elastic. Thus, the
membrane maintains force balance during the entire loading process.

radius and thickness of the membrane [mm]
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Figure 12. Radius (Ra) and thickness (Th) of the membrane, with increasing pull-out force.
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Figure 13. Failure modes of the threaded anchors in UHPFRC.

5.3. Features of the Failure Mode

This study aims principally to investigate the structural behavior of the anchorage of common
threaded steel bars in UHPFRC with given tensile properties as subjected to pull-out force using finite
element analysis. The investigation of the structural behavior of UHPFRC was possible because the
numerical modeling allows to assign sufficiently high tensile strength to the steel to avoid anchor
fracture such that the failure mechanism in UHPFRC becomes the determinant failure mechanism of
the system.

The numerical simulations show that the introduction of a pull-out force in the UHPFRC body
via a short, threaded anchor leads to the formation of a tensile membrane in the near surface UHPFRC
with a thickness 1 — 1,1 lenbednent. The outer part of this tensile membrane, which corresponds to about
60% of the membrane radius, remains in the elastic domain during the entire pull-out process while
the thickness and radius of the tensile membrane increase. Thus, the fracture process zone is localized
in the inner part of the annular circular tensile membrane of UHPFRC, corresponding to about 35%
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of the membrane radius. In the radial direction, the tensile membrane develops up to 5 times faster
than the thickness in the vertical direction. At about 85% of the ultimate force F., the tensile
membrane is completely formed with the thickness corresponding to the anchor embedment length
lembedment and radius of about 5 lembedment. The stress transfer in the completely formed tensile membrane
occurs further via compressive stresses acting on the contact surface between anchor flanks and
UHPFRC, forming compression stress fields and increasing tensile stresses in the upper third of the
tensile membrane. Finally, anchorage failure occurs due to the widening of the inner part of the
annular circular UHPFRC tensile membrane around the anchor and, as a result, pulling-out the
anchor from the UHPFRC substrate. Thereby, no real cracks occur.

In summary, this study has revealed that the pull-out behavior of threaded anchors in a
UHPERC substrate fundamentally differs from the well-known pull-out behavior in concrete,
according to Figure 1. For short, threaded anchors in UHPFRC, only two fracture modes are
possible: (1) Fuanchor > Fumembrane : pulling-out of the threaded anchor from the UHPFRC substrate
(fracture mode (1) Figure 13 (a)) , or (2) Fuanchor < Fumemirane: fracture of the anchor (fracture mode (2)
Figure 13 (b)).

Another feature of the structural behavior of the anchorage system is the plastic deformation in
terms of failure indication:

e In the case of the tensile resistance of the anchor being lower than the pull-out resistance of the
UHPERC substrate (Fuanchor < Fumembranc), the plastic deformation of the threaded anchor would
occur. This is the relevant case for the design of anchors in structural applications in engineering
practice.

¢  In the case of the tensile resistance of the anchor being higher than the pull-out resistance of the
UHPFRC substrate (Fuanchor > Fumembrane), the tensile membrane deforms within the inner 35% of
the tensile membrane radius Ruembrane around the anchor. Comparing the vertical deformations in
UHPFRC11 and UHPFRC? at the instant of anchorage failure, the vertical deformation of the
annular circular tensile membrane with higher tensile properties was found to be more
pronounced and localized around the threaded anchor. However, the vertical deformations
remain very small compared to the fracture deformation of the anchor in steel. These vertical
deformations are only 2mm for UHPFRC?7 and 4.5mm for UHPFRC11. However, this failure
mode can only occur if the threaded anchor of diameter 20 mm is made of high-strength steel (f:
>700MPa).

The tensile stress remains constant within a limited part of the membrane with a constant
diameter where failure occurs. However, more volume is activated within the substrate around the
anchor where the tensile membrane develops, and the tensile stress is distributed such that the outer
part of the tensile membrane, corresponding to 60% of the radius, remains elastic. Thus, the
membrane maintains force balance during the entire loading process.

6. Conclusions

1. This study shows that FE modeling is an efficient approach to discover possible failure
mechanisms before laboratory tests are designed to focus on the research-relevant case. FE
modeling allows to vary building material properties such as to avoid failure modes that are not
research-relevant, i.e., fracture of the steel anchor.

2. Due to the UHPFRC's relatively high tensile strength and tensile deformation capacity,
significant tensile stress fields form a tensile membrane in the UHPFRC substrate near the
anchor when subjected to increasing quasi-static pull-out force.

3. With sufficient substrate size (i.e., the distance from the anchor to the element edge should be
longer than five times the embedment length of the anchor), the tensile membrane develops both
in horizontal and vertical directions. The tensile membrane's maximum extension was about five
times the membrane thickness in the horizontal radial direction.

4.  The tensile membrane's outer part, corresponding to 60% Ruembrane, remained in the elastic domain
during the loading process until pulling-out of the threaded anchor.
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5. No fracture of the UHPFRC substrate was observed; the failure of the anchorage occurred due
to the widening of the inner part of the UHPFRC annular circular tensile membrane and pulling
out of the threaded anchor.
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