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Keywords: Recently, a large experimental campaign was completed that attempted to establish a link between petrography
Concrete of the coarse aggregate, the concrete material properties and the system response in terms of concrete cone
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(quartz, limestone, basalt) but otherwise similar mix design. All specimens of each concrete were cast from the
same batch, carefully cured following three sets of curing protocols, and systematically characterized. The in-
vestigation comprised aggregate and concrete characterization, and structural tests performed at two ages on
cast-in headed stud anchors under tensile loading. The aggregate characterization included the determination of
Los Angeles coefficient, hardness and Young’s modulus. In order to characterize the concretes, standard com-
pression and indirect tension tests, were performed together with fracture tests. The experimentally obtained
material and structural data finally served for the evaluation of current predictive models in terms of concrete
compressive strength or concrete fracture properties as well as a correlation study. Aided by photogrammetric
analysis, the concrete cone shape was determined for each individual test and analyzed to uncover possible

dependencies on the coarse aggregate type.

1. Introduction

Concrete is the fundamental structural material in the civil en-
gineering industry. Over the last years it became one of the most used
building materials. Fresh concrete can be cast easily into almost every
shape. It is characterized by good mechanical properties (e.g. com-
pressive strength) that are improving steadily with time due to ongoing
hydration. Hence, it has almost unlimited applications in the modern
construction industry.

Fastening elements are an essential component of modern con-
struction as they allow the connection of load bearing structural
members and the installation of necessary equipment. The increasing
age of our built infrastructure in combination with the rising awareness
towards the environmental impact of the construction industry have
further promoted the application of fastenings e.g. for strengthening
and rehabilitation. Other trends such as fast modular construction also
profit from recent advances in fastening technology. Depending on the
specific properties of a chosen fastening system and the loading con-
ditions a number of different failure mechanisms can occur, in-
dependently or in combination. One of the most critical failure me-
chanisms is described by the concrete cone capacity, i.e. the load
necessary to rip out a fastening element by exceeding the load bearing

capacity of the substrate material resulting in a cone like concrete
break-out body attached to the fastening element.

It is well know that concrete is a cementitious composite material —
a mixture of cement, aggregate and water. Every component of the
concrete mix design affects the properties of concrete. The aggregates
take around 70-80% of the concrete volume and almost 90% of the
total concrete weight. Consequently, they play also an important role in
defining concrete thermal and mechanical properties. At early age,
aggregates determine the workability, where the aggregate shape,
surface roughness and type influence the interaction and bond between
paste and aggregates [1]. The aggregate surface texture can be either
rough or smooth, depending on the mineralogical type and the origin of
the aggregates. Rougher surface results in a higher adherence and bond
strength between the cement paste and the aggregates [2], while a
smooth surface leads to better concrete workability during casting.

In the past, many researchers investigated the aggregate effect on
concrete properties, mostly on the concrete compressive strength.
Delmar et al. [3] confirmed that at the same water to cement ratios,
smaller sizes of aggregate lead to higher concrete strengths. On the
other side, Vilane et al. [4] reported an increase of compressive strength
with increasing aggregate size in a range of 9.5-19 mm. Ozturan and
Cecen [5] studied the effects of coarse aggregate type on concrete
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mechanical properties. They reported that normal strength concretes
with gravel and basalt aggregate result in similar compressive strength,
and limestone concrete resulted in a higher strength. These conclusions
depend not only on the used aggregate type but also on its exact mi-
neralogical structure, and on other concrete mix composition para-
meters (e.g. water content, water to cement ratio, amount of fine and
coarse aggregates and their granulometric distribution). They also re-
ported that the strength of the interface between aggregate and cement
paste governs the behaviour of concrete in unconfined compression
tests. This is a valid statement, especially in case of normal strength
concretes, where the mortar and bond strength are much lower than
aggregate strength. An aggregate shape study performed by Guinea
et al. [6] showed that concretes with broken aggregates are char-
acterized by higher fracture properties.

In current concrete design codes [7,8] concrete is typically char-
acterized by compressive strength only, a convenient choice. All the
other material properties are expressed in terms of compressive
strength by empirical equations that rarely account for the mix design
or type of coarse aggregate. However, since concrete is used world-
wide, the possible sources of aggregates and, thus, their properties vary
widely. Consequently, different mix designs are generally required in
order to obtain the same compressive strength class, potentially af-
fecting other material properties in an unforeseeable way.

Fastening related design and approval guidelines [9-13] follow the
same practically convenient approach and formulate concrete related
failure mechanisms in terms of concrete compressive strength. Even
though the concrete cone capacity is determined by fracture-mechanics
(and related material properties) the established design equation is
formulated in terms of compressive strength.

This contribution presents the experimental investigation of a pos-
sible aggregate effect on the concrete cone capacity beyond the direct
affect that is captured by the current predictive equations in terms of
concrete material properties. The standard approach using compressive
strength [14] is compared to a fracture mechanics alternative [15].
After a thorough review of the state of the art, the experimental cam-
paign is presented comprising three concrete batches with different
aggregate type (basalt, limestone, and quartz). Structural tests were
performed on cast-in headed stud anchors under tensile loading at
28 days and 70 days. Along with the structural tests, each concrete was
fully characterized to determine all standard concrete properties
(modulus, compressive and tensile strength, and fracture energy) at the
same ages when the structural tests were performed. Additionally, the
aggregates have been characterized. Available measurements include
the Los Angeles coefficient (L.A.), hardness and Young’s modulus, the
latter two obtained by grid indentation on representative coarse ag-
gregate pieces. Finally, all available material and structural test data,
including the photogrammetrically obtained cone shapes, are analyzed
for relevant dependencies.

2. State of the art

In this chapter a short overview of the currently established pre-
dictive models for the concrete cone capacity is presented. The second
part of this chapter is focused on aggregate effect studies performed in
the past by other research groups on concretes, and anchors.

Current design codes and approvals [9-13] mostly specify minimum
requirements for the aggregates, where it is suggested to use aggregates
of medium hardness. However, they provide no guidance about the
aggregate type in a petrographical sense. Typically, the cement type is
defined, together with restrictions for the cement content and water to
cement ratio. Finally, two standardized concrete strength classes were
defined to be used for anchor tests and approvals. They are deemed to
be representative for the situation on common construction sites.

In general, for mechanical anchors under tensile loading different
failure mechanism can occur, ranging from steel failure, pull-out and
pull-through failure, to concrete related failure modes such as concrete
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cone breakout and concrete splitting [16]. The focus of this investiga-
tion lies on the concrete cone breakout failure mechanism. Conse-
quently, the experimental program and the fastenings were designed
accordingly, forcing concrete cone failure. Other failure mechanisms in
tension were not investigated in this study.

After years of comprehensive and thorough anchor related research
[17-25], two main predictive models were proposed. Fuchs et al. [14]
first proposed a relatively simple and user-friendly empirical model to
predict the concrete cone capacity. This predictive model is well know
as concrete cone capacity design (CCD) method. The mean concrete
cone capacity Ngcp of a single anchor loaded in tension is given by Eq.

.
Neep = k-hgi®[f, )

According to the CCD predictive model (Eq. (1)), the pull-out load
capacity Ngcp [N] is a function of a product-dependent calibration
factor k with dimensional units [N®®/mm©®®], the concrete cube com-
pressive strength f, [MPa] (cube with 200 mm sides), and the anchor
embedment depth h, [mm]. For headed studs, current design codes
recommend a factor k = 15.5 even though a head-size dependence is
known to exist [26-28]. Herein it has to be noted that all presented
analyses are based on 150 mm cube compressive strength values that
have been converted to 200 mm cube strengths using the code re-
commended conversion factor of 0.95 (f, y0mm = 095 150mm) [29].
Additionally, the analysis was also performed on cylinder compressive
strengths, yielding of course different k values but the same overall
trend, i.e. insignificant aggregate effect after normalisation.

Knowing the fracture mechanical nature of the problem,
Eligehausen and Savade [15] also proposed a more mechanically rig-
orous model given by Eq. (2). Herein, the pull-out load capacity Ngg,
[N] is a function of a factor n, the anchor embedment depth h,; [mm],
concrete elastic modulus E, and concrete total fracture energy Gr. The
critical value of n = 2.1 relates the load capacity of the anchor (peak
load) to the length of the already propagated crack at the loss of sta-
bility compared to it’s extrapolated total crack length up to the concrete
surface. It has to be noted that the tensile strength of concrete is already
exceeded well before the peak load is reached and a crack started to
propagate. Thus, what determines the load capacity is an energy bal-
ance between the elastically stored energy in the system and the work
required to propagate the crack. However, this fracture mechanical
model is not widely used. The main reason can be found in the diffi-
culties to experimentally determine the concrete fracture energy, fur-
ther amplified by the typically high scatter in such experiments.

NEGF = n~helf'5-\ EGF

In both cases the design equations used to predict the concrete cone
capacity are only taking into account the concrete material properties,
regardless of the used mix design, or aggregate type. Considering the
complex heterogeneous nature of the composite material concrete, it is
clear that its properties depend not only on the individual components
but also on their interaction.

Many researchers performed studies on headed stud anchors, fo-
cusing on different problems such as e.g. concrete and its effect on the
anchor capacity. Primavera et al. [30] studied the anchor capacity for
normal and high strength concretes. Since concrete ages and changes its
properties over time, Winters et al. [31] studied the concrete breakout
capacity in early-age concrete. A study performed on anchors installed
in cracked and uncracked concrete was reported by Eligehausen et al.
[32]. Over time the cast-in headed stud anchor became the paratype of
fastening element for the investigation of the concrete cone capacity
even though also in this case features of the anchor influence the peak
load. Recently, Nilforoush et al. reported the results of an investigation
into the influence of the concrete slab thickness and the effect of the
anchor head size on the load capacity [27,28]. Apart from experimental
investigations, also numerical studies have been used successfully in

(2)
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fastening research. Reliable numerical models allow the cost-efficient
extension of the experimentally investigated parameter range to un-
tested configurations. Furthermore, it is possible to decouple phe-
nomena, perform sensitivity studies and gain insights into more com-
plex situations that cannot be directly measured. However, it is
important that the models are properly calibrated and validated. Only
then, extrapolations can be trusted. Ozbolt and co-workers [33,34]
studied numerically the embedment depth effect on the performance of
anchor bolts. Hordijk et al. [35] attempted to study the aggregate effect
on headed stud anchors but was not able to complete the study due to
steel failure. Rodriguez et al. [36] performed dynamic tests of anchors
under tensile loading. The results indicated that the type of aggregate
has no significant effect on the normalized tensile capacity, covering
concretes with soft limestone aggregate to medium-hard river gravel
aggregates.

Despite various studies documented in the literature there is still a
lack of comprehensive experimental investigations that include the
characterization of coarse aggregates, a full (fracture mechanical)
concrete characterization, and anchor pull-out data. The authors are
not aware of any available systematic analysis that aimed at identifying
the relationship between aggregate properties, concrete properties, and
concrete cone capacity. Therefore, in this study such pairwise de-
pendencies are investigated including a potentially remaining effect
between concrete cone capacity and aggregate properties, that is after
removing the dependency on the standard concrete material properties
based on the two established prediction models introduced earlier.

3. Experimental investigation
3.1. Overview

In 2016-2017 a comprehensive experimental campaign was per-
formed comprising aggregate and concrete characterization, and
structural tests. Structural tests were performed in tension on cast-in
headed stud anchors for one embedment depth. Both concrete material
and structural test were performed twice, once at 28 and once at
70 days. In total 90 cubes, 70 cylinder, 24 prisms and 12 slabs were
cast.

Selected representative coarse aggregate pieces served for the
characterization of the aggregates by standard Los Angeles tests and
grid-indentation. On top of load displacement data also the shape of the
break-out cones was documented by means of photogrammetry.
Finally, all available data was analyzed systematically in order to un-
earth dependencies and new insights.

3.2. Mix design

For the purpose of this experimental investigation, in total three
normal strength concretes were investigated. All the concretes used the
same CEM II 42.5 N cement and aimed at the strength class C25/30. The
sieve curve of each concrete was selected according to ETAG guidelines
[29].

The main difference between the three concretes can be found in the
petrography and the granulometric distribution of the used coarse ag-
gregate. It is important to note that the basalt aggregates could not be
obtained with a maximum aggregate size of 16 mm, and therefore a
maximum aggregate size of 22 mm was used for concrete batch E3. As
discussed earlier the petrography and size are just a few of the many
aggregate related influence factors on concrete material properties. All
the other ones were not controlled.

The other mix design parameters, such as water to cement (w/c) and
aggregate to cement (a/c) ratio, remained almost constant. The exact
values and differences of all three mix-designs are listed in Table 1. It
has to be noted that the mix designs cover some of the most typical
aggregates found in Europe while balancing practical considerations
such as prolonged workability during casting and availability of ready-
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Table 1

Exact concrete mix design for all batches.
Batch Unit El E2 E3
Water content [kg/m®] 173.2 163.6 167.8
Cement content [kg/ms] 274.9 274.8 289.5
Aggregate shape [-] round round broken
Aggregate type -] quartz limestone basalt
Fine aggregates: 0—4 mm [kg/m®] 838.4 1185.3 750.2
Coarse aggregates: 4-Dyqx [kg/m3] 1066.1 811.7 1330.1
Dpax = max aggregate size [mm] 16 16 22
Total amount of aggregates [kg/m3] 1904.5 1997.0 2080.3
Water to cement ratio [-] 0.63 0.60 0.58
Aggregate to cement ratio [-1 6.93 7.27 7.19

mix concrete.

3.3. Curing protocols

Specimens and slabs alike were cured inside the moulds for the first
24 h. After that, they were removed from the moulds preventing any
exposure to adverse conditions and impacts. The specimens for the
material characterization were stored according to three different
curing protocols until the day of testing (at an age of 28 or 70 days,
respectively). The three curing protocols were selected in an attempt to
(i) satisfy the material testing standards, (ii) satisfy anchor approval
guidelines, and (iii) test specimens that may better represent the con-
ditions inside an aging and drying concrete slab.

Most material testing standards [37,38] require specimens to be
cured either in lime-saturated water or in high-humidity moist curing
rooms. Both conditions avoid drying and ensure sufficient water
availability such that the desired hydration state and material proper-
ties can be reached. Consequently, also empirical equations linking the
concrete material properties E, f,, f;, and Gr apply to moist-cured spe-
cimens. In this study one set of specimens was cured in lime-saturated
water at ambient laboratory temperature of around 23 °C. These spe-
cimens are referred to as “moist-in”. However, this curing protocol is
not in agreement with the anchor related codes [29], which require the
specimens for the material characterization to be stored next to the
concrete members for the structural (anchor) tests. Consequently, a
second set of specimens was stored with the slabs outside, in front of the
laboratory, undergoing the same environmental temperature and hu-
midity histories. This set of specimens was named “dry-cured”. Ad-
ditionally, a third set of specimens, named “moist-out”, was stored in
lime-saturated water in front of the laboratory and next to the “dry-
cured” specimens and slabs , thus following the same temperature
history without impact on the water balance.

3.4. Aggregate characterization tests

Mechanical properties of each used aggregate type were obtained by
nano-indentation on representative coarse aggregate pieces and stan-
dard abrasion tests. Nano-indentation is a well established and effective
test method to determine elastic material properties on the microscopic
scale [39-41]. The advantage of this method over some other conven-
tional methods is the possibility to perform tests on extremely small
samples and thin layers of material. In nano-indentation tests a small tip
called indenter is pressed into the previously prepared smooth sample
surface. The tip is held in place for a defined duration and sequentially
released generating a load-displacement curve. The specific tests were
performed using a Berkovich tip nano-indenter. It is a type of the in-
denter with the geometry of a three-sided pyramid, and is usually used
to identify the hardness of materials. After the initial load of
F,; = 150 mN was applied, the load was held for t = 30 s before the
unloading started. Considering the sensitivity of the nano-indenter, this
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Table 2
Experimentally obtained aggregate properties.
Aggregate type L. A. coefficient Modulus Hardness
-] [GPa] [GPa]
Quartz 26.0 11.4 0.5
Limestone 22.6 37.5 1.4
Basalt 15.0 45.6 23

loading regime minimizes thermal effects and drifts of vibrations during
measurement.

Standard Los Angeles (L.A.) abrasion tests were performed to
identify aggregate toughness and abrasion [42]. This type of test is a
common test method to evaluate a coarse aggregates abrasive re-
sistance by placing aggregates inside a rotating steel drum. The steel
drum contains a certain number of steel spheres. As the steel drum
rotates the repeated collision with the spheres and aggregate pieces
results in severe abrasion. The experimentally obtained mechanical
aggregate properties are listed in Table 2.

The results shown in Table 2 indicate that the quartz aggregate is
the softest aggregate among the three different aggregate types, while
the basalt aggregate is the strongest and hardest aggregate. Ad-
ditionally, Fig. 1 shows representative photos obtained during nano-
indentation tests in which the large differences in coarse aggregate
composition and micro-structure can be observed. Typically, all ag-
gregates with an L.A. coefficient below 30 can be considered strong,
and can be used in coating or road industry. The obtained L.A. abrasion
values are in good agreement with the available literature data [2].
Comparing the L.A. coefficients with the modulus or hardness of the
aggregate, a clear trend can be noticed confirming that lower L.A.
coefficients correspond to tougher aggregates and a larger resistance
against abrasion.

Fig. 1. Representative photos obtained during nano-indentation tests with a
light microscope for (a) quartz, (b) limestone, and (c) basalt aggregate type.
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3.5. Concrete characterization tests

The concrete characterization tests were performed in parallel to the
structural pull-out tests, i.e. on the same day when the anchor tests
were performed. Standard concrete specimens (cubes, cylinders and
prisms) were tested to identify the concrete properties for each of the
previously introduced curing protocols. Typically, these tests were
carried out using five specimens of the same type, curing protocol, and
age.

In order to identify concrete compressive strength (f, ., and f, ),
cubes with a side length of 150 mm, and cylinders with 150 mm dia-
meter and 300 mm height were tested according to [43]. The cylinders
tests were instrumented with three LVDT’s (HBM Displacement Trans-
ducers WI/5 mm-T) spaced equiangularly around the perimeter with a
base length of 100 mm. These on-specimen measurements allow the
determination of load eccentricities and, averaged, provide an accu-
rately estimate of the loading modulus (E). Both cube and cylinder
compression tests were performed with a rate of loading of 0.008 mm/s.

The indirect tensile strength properties (f ;) were obtained per-
forming Brazilian splitting tests [44] on cylindrical specimens with a
diameter of 150 mm and a height of 70 mm with the constant loading
rate of 0.02mm/s. All compression and Brazilian splitting tests were
performed using a 5 MN Walter & Bai load frame.

Three point bending tests were performed on notched prisms with
dimensions of 100 X 100 x 400 mm, a relative notch depth of 30% and a
span of 300 mm in order to determine concrete fracture properties.
These tests were performed using the servo hydraulic testing machine
Walter & Bai LFV-63 kN. In order to ensure stable tests and especially
post-peak response, the tests were controlled by crack mouth opening
displacement (CMOD). A constant loading rate equal to 0.0001 mm/s
was applied using an extensometer of type Epsilon 3542-050M-025-
HT2. The total fracture energy (Gr) presented in this study is de-
termined by the work of fracture method, i.e. by integrating the area
under the load load-point displacement diagram until the specimen is
fully softened and relating the total work performed to the fracture
surface created (ligament area). The inverse analysis of the cohesive
law based on load-opening diagrams are reported for all three concretes
and both ages in [45].

In general, fracture energy is defined as the energy needed to create
a unit fracture surface, and it is one of the most important concrete
properties, especially in analyses where fracture and damage propa-
gation matter. In case of headed stud anchors under tensile loading,
crack propagation starts at the anchor head when the crack formation
energy and the tensile strength limits are reached [16,46].

The mean results of the concrete characterization tests for all con-
cretes are shown in Table 3 together with the corresponding coefficients
of variation (CoV). The listed values are representative of “moist-in”
specimens (as required by material standards) and were obtained by
five tests each. Additionally, the corresponding compressive strength
values for cubes ( ffg) and cylinders (f c‘fgl) obtained according to the
anchor approval guidelines are presented in Table 4, together with the
structural results.

Comparing the obtained aggregate properties from Table 2, and
concrete compressive strength results from Table 3, it can be concluded

Table 3

Experimentally obtained material properties for moist-in cured specimens.
Concrete  f. ., [MPa] fc,cyl [MPa] ft’spl [MPa] E [GPa] G [N/m]
E1-28 d 343 +62% 323+77% 3.0+208% 306 + 81% 95.3 + 15.4%
E2-28 d 403 +42% 339+97% 41+33% 314 +£11.2% 73.8 + 8.3%
E3-28 d 421 +49% 363 +6.7% 3.4 +2.0% 31.8 + 4.0% 108.2 + 13.2%
E1-70 d 387+ 7.6% 36.5+29% 3.4+ 8.6% 312 + 7.5% 84.5 + 10.7%
E2-70 d 456 £+ 43% 448 £64% 44 +42% 42.2 + 6.4% 79.9 £ 12.2%
E3-70 d 46.7 +9.6% 394 +62% 3.5+ 9.1% 344 + 5.6% 95.8 + 14.8%
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Table 4
Experimentally obtained tensile load capacities and concrete cube and cylinder
compressive strength for “dry” cured specimens.

Concrete f4% [MPa] féa vpa) Nexp [kN]

E1-28 d 29.1 + 5.0% 284 + 2.2% 1112 + 8.3%
E2-28 d 35.3 + 3.4% 35.6 + 2.5% 136.6 + 9.6%
E3-28 d 35.0 + 6.3% 33.0 £ 5.8% 1244 + 1.2%
E1-70 d 30.6 + 5.5% 359 + 5.8% 1434 + 4.9%
E270 d 40.0 + 6.7% 40.2 + 5.6% 183.4 + 7.0%
E3-70 d 39.7 + 8.0% 35.6 + 6.7% 173.9 + 5.6%

that the compressive strength of concrete increases as the hardness of
the aggregate increases. The dry-cured specimens exhibit consistently
lower compressive strengths compared to the “moist-in” values.

3.6. Structural tests

Structural pull-out tests were performed using a servo hydraulic
three axial testing machine with a maximum load equal to 630 kN (both
for tension and compression). These test were performed on concrete
slabs with dimensions 2.5 X 1.0 X 0.3 m, using cast-in headed studs
made of M16 hex-bolt screws with steel grade 12.9. In order to ensure a
stiff head with a size comparable to standard headed studs (Nelson
type) that can be found on the market, a stiff 6 mm thick washer with a
diameter of 32 mm (two times anchor rod diameter) was welded to the
smooth anchor rod, as it is shown in Fig. 2(a).

Pull-out tests were performed at 28 and 70 days, for an embedment
depth of h; = 100 mm. Four pull-out tests were performed for each
concrete and concrete age. The concrete slab dimensions were opti-
mized to ensure (i) no cross-influence of adjacent anchors by over-
lapping cones, (ii) sufficient edge distance, and (iii) sufficient slab
thickness of three times embedment depth (h =3 X hy) to avoid
splitting or noticeable influence of bending. All pull-out tests were
performed under quasi- static tensile loading and were supported with a
stiff circular ring with inner diameter equal to four times the anchor
embedment depth (d = 4 X h,). The ring with the thickness equal to
30 mm had an outer diameter of 600 mm. This configuration is know as
“unconfined pull-out test” [29] in the fastening community, and results
typically in a cone shaped concrete breakout body (Fig. 2b). This con-
dition excludes any bias of the boundary condition on the peak-load but
may still influence the post-peak response and shape of the concrete
cone. The tensile load was applied with a spherical coupling controlled
by one of two linear variable differential transformers (LVDT) installed
close to the concrete surface in order to ensure a constant displacement
rate of 0.008 mm/s and stable post-peak response. The HBM LVDTs (I-
WA/20 mm-T) had a nominal measuring range of 20 mm, and typical
0.1-0.2% non-linearity. Finally, the anchor displacement was calcu-
lated as a mean value out of both LVDTs. More details on the

hes

(a)
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experimental set-up and sketches are provided in a previous study by
Nindevié et al. [47].

Experimentally obtained concrete cone capacities for all concretes
and ages are listed in Table 4. Each peak value in the table represents
the mean value out of four tests and contains information about the
coefficient of variation (CoV). It can be noticed that the concrete with
quartz aggregates (E1) has a lower mean concrete cone capacity com-
pared to the other two concretes (E2, E3) tested at 28 days. The ob-
tained trend is also confirmed at 70 days, where the concrete with
limestone aggregates (E2) showed the highest concrete cone capacity.
The comparison with the concrete properties presented in Table 3 re-
veals a similar relative structure for both ages, i.e. the results for E2 and
E3 being similar and substantially lower for E1.

4. Results and discussion

In the following chapter, the experimental data obtained on the
material and structural scales for all three concretes will be analyzed in
different ways in an attempt to identify dependencies and confirm/re-
ject the hypothesis of an aggregate effect on the concrete cone capacity.
Naturally, there is an effect of the used aggregate type on concrete
properties and, in turn, on the concrete cone capacity. What is of in-
terest here is the question whether there is an additional effect that is
not implicitly captured by current predictive models that are for-
mulated in terms of compressive strength or the product of fracture
energy and Young’s modulus.

4.1. Comparison of normalized concrete capacities

Obviously, changes in mix design and the choice of the coarse ag-
gregate will result in changing concrete properties. Consequently, it is
important to remove the known and expected functional dependencies
in order to isolate any remaining additional effect that cannot be fully
explained by the currently established prediction models and their
(material related) input parameters. The most basic approach to remove
dependencies for multiplicative models is normalization as ratio be-
tween experimentally obtained anchor load capacity N, and model
predictions Ngcp according to Eq. (1) or Ngg, based on Eq. (2).

Mxp ZVexp

Neep k-helf‘s-\/fc 3)
Ivexp _ Nexp

NEGF n-helf5~,/E~GF 4)

The existence of additional dependencies can be detected based on
the amount of variability in the normalized results which can be mea-
sured e.g. as coefficient of variation. This variability encompasses
measurement errors, material uncertainty, and model errors. Thus, only
values exceeding typical levels of experimental scatter indicate the

(b)

Fig. 2. (a) Headed stud anchor type, and (b) typical concrete cone breakout.
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Fig. 3. Normalized concrete cone capacity using the compressive strength based prediction model according to Eq. (3) for (a) 28 days, and (b) 70 days results.

presence of additional effects. Another objective could be the mean
value after normalization close to one. However, this second approach
is more a test of a good calibration (correct k value) than of the
equations’ ability to capture the functional dependence between input
parameter and response quantity. A sensitivity/correlation study may
then reveal additional dependencies and potentially also their func-
tional form if the dataset is sufficiently large.

Normalization using the current predictive equations should ideally
result in 1.0 and in a low scatter around the target value, which would
mean that the current predictive models are able to accurately predict
the anchor load capacity and capture all relevant phenomena. In that
case, the concrete compressive strength, or product of modulus and
fracture energy, would be sufficient to characterize concrete in a me-
chanical sense, regardless of the aggregate type.

Fig. 3 shows the tensile capacities normalized by compressive
strength using Eq. (3), both for (a) 28 days, and (b) 70 days, respec-
tively. The normalization is performed for all three curing protocols
investigated in this study. Note that according to design guides the
“moist-in” strength should be used while the anchor approval docu-
ments require the use of “dry” cured specimens for the material char-
acterization, i.e. specimens stored with the slabs. For both ages the
normalized values are higher than 1.0, indicating that the predictive
model, Eq. (1), is conservative for this specific anchor type regardless of
the tested concrete curing conditions. Indeed, the use of concrete
strength obtained for “dry” curing conditions (as required by anchor
approval documents) leads to more conservative concrete cone
breakout capacities than the “moist-in” and “moist-out” curing condi-
tions. Naturally, the calibration coefficients could have been re-cali-
brated to account for this offset. Differences between the normalized
values (shown in the Figure as CoV) exist for both ages and all three
curing protocols and follow the same trend in each case. This indicates
the presence of additional effects that are not represented fully by the
model in terms of concrete compressive strength only. However, the
analysis also reveals that this effect is minor. With less than 6% dif-
ference for the dry-cured case the normalized data lies within the range
of typical experimental scatter. Furthermore, the substantial differences
in normalized load capacities between both investigated ages indicates
that other effects might be more dominant than the investigated ag-
gregate effect. This observation is discussed in more detail by Nincevic
et al. [47].

Normalized results according to Eq. (4) are shown in Fig. 4, both for
the 28 day (a) and 70 day (b) results. For that purpose concrete modulus
and total fracture energy obtained only from “moist-in” specimens are
used. In this case the relative difference among the concretes is higher,
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approximately 11% on average for both ages. This increased relative
difference has to be interpreted in the light of the typically quite large
experimental scatter in fracture tests. Similar to the normalization by
compressive strength also the normalization according to Eq. (2) fails to
capture the increasing conservatism with age. While for 28 days the
model predictions are almost perfect on average (Nep/Nggs= 1.03) the
difference exceeds more than 30% at 70 days.

In conclusion, both investigated models are able to predict the
concrete cone capacity of cast-in headed studs from standard concrete
properties (i.e. compressive strength or the product of modulus and
fracture energy) regardless of the coarse aggregate used, albeit the CCD
method suggested more conservative capacities. The remaining error,
independent of the concrete age and curing protocol, is in all cases
within the expected experimental scatter. Consequently, from a prac-
tical point of view no aggregate effect exists. It can be expected that the
standard concrete properties represent sufficiently well the material
response for the purpose of determining the concrete cone capacity in
tension. As discussed before, an objective quantitative measure, for-
mulated analogous to the coefficient of variation, is considered rather
than the mean value after normalization close to one. In this light, in-
deed the equation based on fracture energy yields predictions closer to
one while the strength based equation reduces the scatter between
concretes. The latter seems more relevant as we know that the parti-
cular k value is anchor geometry dependent.

These results confirm indications found by Rodriguez et al. [36]
during a study on the behavior of expansion anchors under dynamic
load. Also, the present results are in very good agreement with a pre-
vious study [48,49], in which the influence of aggregates on a typical
undercut anchor product was investigated. In total, the aggregate effect
on the concrete cone capacity has been studied on six concretes (two
ages each) for two types of mechanical anchors with the same conclu-
sions. Both studies also show that other effects may be more pro-
nounced such as the age effect revealed and further discussed in [47].

4.2. Influencing factors

In this section the main influence factors on the concrete cone ca-
pacity are investigated. More specifically, this section presents the
analysis of (i) the dependence of the pull-out capacities on the concrete
properties obtained from “moist-in” cured specimens, (ii) the latter’s
dependence on the aggregate properties, (iii) the direct dependence of
the system response on the aggregate properties. It has to be noted here
that only concrete properties obtained from “moist-in” cured specimens
are discussed. The presented investigation is not a rigorous correlation
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Fig. 4. Normalized concrete cone capacity using the fracture energy based prediction model according to Eq. (4) for (a) 28 days, and (b) 70 days results.

analysis but an attempt to visualize trends based on the limited data
available which certainly is biased by the other arbitrarily varying
material properties. However, considering all the testing and material
parameters it is practically impossible to obtain experimental data in
which only one parameter is varied. This could only be done in a sta-
tistical sense by compiling a large database of tests and forming sub
populations for which the mean values of all properties except one are
approximately constant, see e.g. [50]. The only other method would be
suitable lower scale simulations in which indeed each parameters could
be varied independently in virtual experiments.

A good measure of dependence between two random variables X
and Y is Pearson’s coefficient of linear correlation. The latter quantifies
a relation of the variation of two variables and is defined by
px.y = cov(X, Y)/oxoy, where cov(X, Y) is their covariance, and oy and
oy are the sample standard deviations, which can be estimated by

B Y XY — nXY
\/Zir;lX,»2 — nX? \/Z?=1 Y? — nY?

with the measured values X;, Y;, the sample mean values X and Y, and
n= number of samples.

Since the aggregates are chemically inert, it can be assumed that
their properties are constant in time. On the other hand, the material
properties of concrete, and therefore of the anchor system, age.
Consequently, a real aggregate effect should reveal itself as statistical
dependence between system response and aggregate properties that is
relatively independent of the testing age although the dependence may
evolve as concrete matures. It has to be noted that the sample size is
quite small, too small to derive any firm conclusions. Nevertheless,
relevant insights and indications can be obtained.

Px,y

()

4.2.1. Correlation between aggregate and concrete properties

First, a study of the correlation between the aggregate properties
and the concrete properties is presented. In Fig. 5(a) the L.A. coefficient
of the different aggregate types is plotted against the concrete cube
compressive strength. The two magnitudes are negatively correlated, as
expected, since larger L.A. coefficients indicate a “weaker” aggregate
material that is more prone to abrasion. This can be noticed also in
Fig. 5(b), where the measured aggregate hardness is plotted against the
compressive strength.

Finally, the correlation between the aggregate modulus and the
concrete properties (compressive and tensile strength, and total fracture
energy) is estimated. Fig. 6(a) shows that the cube compressive strength
and aggregate modulus are strongly correlated as well, independently
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of the concrete age. Furthermore, it is interesting to note that the
sensitivity of the concrete properties to aggregate properties seem to be
time-invariant for the concrete compressive strength, see parallel lines
in Figs. 5 and 6(a). The concrete and aggregate moduli are fully cor-
related at 28 days, Fig. 6(b), while a weaker correlation is observed for
the later age. However, the slope of the regression line increases in-
dicating a stronger influence of the aggregate property at later ages.
Interestingly, concrete E2 (limestone aggregate) shows a quite high
mean modulus at 70 days, Fig. 6(b). Furthermore, for E2 the tensile
strength (Fig. 6(c)) is substantially higher at both ages while the total
fracture energy (Fig. 6(d)) is quite low compared to the other two
concretes.

4.2.2. Correlation between concrete properties and concrete cone capacity

Naturally, the concrete cone capacity depends on the concrete
properties. However, the question remains whether compressive
strength (or the product of modulus and fracture energy) carries enough
information to predict the concrete cone break out capacity or if other
material properties better reflect the system behavior.

Fig. 7 presents the experimentally obtained concrete cone capacities
for both ages depending on (a) the concrete cube compressive strength
..o @nd (b) the cylinder splitting strength f, .. As expected, the com-
pressive strength and the indirect tensile strength are highly correlated
with the pull-out capacity. This supports the use of the compressive
strength based prediction model according to Eq. (1). In this study also
the best fitting exponent of the power-law is investigated. The best fit
yields an exponent of ~ 1.5 if data of both ages are used jointly. This is
quite different from the proposed exponent of 0.5 in Eq. (1). This dif-
ference in fitted exponent can be explained by the different curing
states at both ages since the compressive strength is just a proxy for
those material properties that control the peak load in a fracture pro-
blem, i.e. tensile strength together with Young’s modulus and fracture
energy. This becomes clearer when the data of the individual ages are
fitted separately. In that case exponents of 0.83 and 0.84 are obtained for
28 and 70days, respectively, if the “dry-cured” cube compressive
strength is used (Fig. 8).

Finally, the correlation between the concrete cone capacity and the
modulus E, and the total fracture energy Gr is estimated. Fig. 9(a)
shows that the modulus tested on moist cured cylinders is strongly
correlated to the tested pull-out capacity. However, contrary to ex-
pectations the total fracture energy and the pull-out capacity show only
a weak (and negative) correlation. This findings are in contradiction
with the previously reported numerical study by Ozbolt [51] which
showed that for a given concrete fracture energy, the concrete cone
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Fig. 5. Correlation between concrete “moist-in” cube compressive strength and (a) aggregate LA coefficient, (b) aggregate hardness.

failure load increases only slightly with the concrete tensile strength
while for a given concrete tensile strength, the concrete cone failure
load increases significantly with the concrete fracture energy G;. The
rate of increase was reported to be proportional to G}"S. This trend
cannot be seen in the presented analysis as all the material properties
change, distorting the actual dependencies.

4.2.3. Correlation between aggregate properties and tensile capacity

The previous two subsections clearly revealed strong correlations
between (i) aggregate hardness (or modulus) and concrete compressive
strength, and (ii) concrete compressive strength (modulus) and
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concrete cone capacity. This subsection presents the main findings
concerning the direct correlation between aggregate properties and
experimentally obtained concrete cone capacities. Fig. 10 presents two
examples of pairwise correlation plots that are representative for a large
number of analyses performed. The pull-out capacities are only slightly
correlated with the Los Angeles coefficient, revealing again that this
parameter is not suitable for the characterization of the aggregate in-
fluence on the pull-out capacity. Fig. 10(b) shows a strong dependence
of N,y, on the aggregate modulus. Almost identical results are obtained
for aggregate hardness but omitted here. However, it is important to
note that the regression lines for 28 and 70 days are far from parallel
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Fig. 6. Correlation between aggregate modulus and concrete “moist-in”: (a) cube compressive strength, (b) modulus, (c) indirect tensile strength, and (d) total

fracture energy.
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(the slope almost doubles). This indicates a growing dependence on the
mechanical aggregate properties as concrete matures and the perfor-
mance of the cement paste increases. This growing dependence may
explain the aging effect discussed earlier in this paper in Section 4.1 and
Fig. 3 as well as in [47]. A further reason may be found in the fact that,
macroscopically speaking, different material properties age at different
rates [52,53].

It has to be noted that for the correlation analysis between ag-
gregate properties and pull-out load capacity in Fig. 10 a linear trend-
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concrete “moist-in” (a) cube compressive strength, and (b) indirect tensile strength.

line is used. The reason is that no specific functional dependence is
expected and, thus, the simplest model is chosen due to the scarcity of
data points. On the other hand, the power law relationship between
concrete properties and the pull-out load capacities is well-established
and has been adopted for this reason in some of the other analyses.

4.2.4. Summary of correlation study

Finally, the entire analysis based on the correlation between dif-
ferent components (aggregate, concrete, concrete cone capacity) can be
summarized, as shown in Fig. 11. This schematic representation clearly
reveals the dependence structure of all three components. The arrow
width is scaled proportionally to the correlation value between 0 and 1.

Most available research either focuses on the influence of the coarse
aggregate properties on the concrete properties or the dependence be-
tween concrete properties and system response (e.g. here pull-out ca-
pacity), although the latter relationship is often limited to compressive
strength tests. In this contribution, both paths (solid line arrows) are
covered systematically and concurrently for the same concretes.
Additionally, also the direct link (dashed line arrows) between ag-
gregate properties and system response (concrete cone capacity) is in-
vestigated. Based on the limited data set available it can be concluded
that the concrete properties strongly depend on the aggregate proper-
ties and, in turn, highly influence the concrete capacity. It is interesting
to note that the latter dependence is stronger than the direct correlation
between concrete cone capacity and aggregate properties. Together
with the normalization results presented earlier it can be concluded that
both investigated models (Eq. (1) in terms of f, and Eq. (2) in terms of
EGp) can be expected to predict accurately the concrete cone capacity
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Fig. 9. Correlation between concrete cone capacity and concrete “moist-in” (a) modulus, and (b) total fracture energy.
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Fig. 10. Correlation between concrete cone capacity and (a) aggregate LA coefficient, (b) aggregate modulus.

irrespective of the used coarse aggregate type. provide insights into the effect that different aggregates have on the
concrete cone capacity. Different aggregate properties and shapes
would change locally the concrete properties and offer more or less
resistance to the crack propagation. Fig. 12 shows the profiles of the
average concrete cone of each individual set of tests in which the radial
distance from the anchor axis (horizontal axis) is plotted against the
distance from the surface (vertical axis). More details on the photo-
grammetric analysis are reported in a previous contribution [49]. Once
all the individual cones have been processed, results belonging to the
same group (age and aggregate) have been averaged. The figure shows
that all concrete cones converge at both ends either to the anchor head
or to the supporting ring. In spite of this the supports have no influence
on the concrete cone capacity since the radius of the steel ring is twice
the embedment depth. This geometry exceeds the empirically derived
requirement for the inner diameter to be larger than 3h,;. The reason is

4.3. Cone shape analysis using photogrammetry

In reports and papers concrete cone sizes are generally expressed in
terms of embedment depth and major/minor axes lengths assuming an
ellipsoidal cone. A more precise way to document this geometrical in-
formation is photogrammetric analysis of the void left in the concrete
slab after the break-out body is removed. The result of this measure-
ment is a 3D point cloud that accurately describes the shape of the cone.
To achieve that, several pictures of the crater left from the test need to
be taken from different distances and angles. The next paragraph will
describe the cone shape measurement for the current data.

The shape and curvature of the concrete cone is intrinsically linked
to the failure mechanisms and the material properties. As such, it may

Concrete

modulus

o

Aggregéte Concrete cone capacity

0 correlation scale 1

Fig. 11. Schematic representation of correlation between aggregate, concrete, and concrete cone capacity.
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that at peak load the crack only propagated about 40% of the total
distance between anchor head and concrete surface [15]. From the
results it can be seen that the difference among the batches is very
small, compared to the maximum aggregate size. A visible trend though
can be detected. E3 is associated with flatter concrete cone profiles,
while E1 shows stronger curvature. Furthermore, for E1 and E2 stronger
curvatures for later concrete ages can be noted.

5. Conclusions

After a brief state-of-the art review a comprehensive experimental
campaign was presented comprising material characterization and pull-
out tests on headed stud anchors for three normal strength concretes
that differ almost exclusively in the petrography of the used coarse
aggregate (basalt, limestone, and quartz) and size distribution. The
experimentally obtained results are used (i) to evaluate the capabilities
of the current predictive models with respect to the existence of an
aggregate effect, and (ii) a sensitivity study on the influencing factors in
an attempt to establish a link between aggregate properties, concrete
properties, and concrete cone capacity. Finally, photogrammetrically
obtained concrete cone shape profiles provide further insights into a
link between coarse aggregate type and failure mechanisms.

Based on the presented systematic analysis that, however, still had
to be limited to a specific headed stud anchor geometry and three
concretes, the following conclusion can be drawn:

1. Differences in the petrography of the used aggregate and the ag-
gregate size distribution result in different concrete properties (e.g.
compressive and tensile strength), in spite of similar water to ce-
ment and aggregate to cement ratios. Concretes with limestone and
basalt aggregate had similar compressive strengths, while the con-
crete with softer quartz aggregates resulted in a lower compressive
strength (about 18%).

. The concrete cone capacity is highly correlated to the concrete cube
compressive strength. A correlation analysis shows that the concrete
cone capacity is also strongly correlated to the concrete modulus,
but only weakly to fracture energy. This is in contradiction with the
results of previous research by Ozbolt [51] who showed numerically
that the concrete cone capacity is strongly correlated with the
concrete fracture energy.

. Aggregate hardness and modulus are strongly correlated and, in
turn, influence concrete properties. A strong correlation between
aggregate modulus and concrete modulus as well as concrete com-
pressive strength can be observed. The dependence of (indirect)
tensile strength and fracture energy on aggregate properties is not as

368

pronounced.

. The experimentally obtained concrete cone capacities for the spe-
cific cast-in hex bolt of this investigation were checked against the
currently established predictive equations in terms of compressive
strength or the product of modulus and fracture energy. It is shown
that the model in terms of compressive strength seems to con-
servatively underestimate the experimental values by around 20%
at 28 days, and around 40% at 70 days, for all tested concretes. The
fracture mechanics model formulated in terms of concrete modulus
and fracture energy seems to be in a good agreement with the ex-
periments at 28 days, and underestimates the experimental values
by around 20% at 70 days.

. Both currently established predictive models capture and account
for the effect of different aggregates on the concrete cone capacity
through the concrete properties. The remaining aggregate effect
after normalization by the model predictions is less than 6%. This
number can be considered insignificant (at least for practical pur-
poses) compared to the typical experimental scatter in pull-out tests
of 5% - 10%. Furthermore, the differences between ages exceed by
far any remaining aggregate effect. The same conclusions have been
obtained in a previous study on a post-installed undercut anchor
[48,49]. In total, the aggregate effect has been studied on six con-
cretes for two types of mechanical anchors (pre-installed and post-
installed) and two ages each with the same conclusions.

. A photogrammetric analysis performed on the concrete cones
showed very small differences (small compared to the maximum
aggregate size) among the different concretes. Therefore, it can be
assumed that no significant aggregate effect on the concrete cone
shape exists.
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