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Abstract: Chemical anchor applications are frequently used to add new structural elements to existing structures. Chemical
anchors can be applied quickly and easily, if anchors apply according to a detailed installation and cleaning procedure
depending on environmental conditions and workmanship. In this work, the relationship between the axial tensile capacity
of chemical anchors and the effect of dust, humidity, and temperature were examined as adverse conditions. The effect of
using different conditions, anchorage diameters and embedment depth on the tensile strength of the anchors was evaluated.
In the experimental study, anchors diameter 12, 16 and 20 mm were selected to be used as anchors. The depth of embedding
was determined to be 5, 10, 15 and 20 times the diameter of used anchors. The initial stiffness, displacement ductility ratio,
energy absorption capacity, failure modes, and safety levels according to ACI 318 were obtained by using the load-dis-
placement curves. According to the parameters considered in the experimental program, the most unfavorable situation
was obtained in anchors embedded in a wet environment. In addition, it was observed that the diameter of the drilled holes
causes a decrease in the axial tensile capacity by increasing the exposure time of the anchors to water and temperature.

Keywords: chemical anchor, pull-out test, dust, humidity and temperature effects, ACI 318.

1. Introduction

Anchors in concrete are generally divided into two main groups in terms of placement time and type: anchors in fresh and
hardened concrete. Anchors planted in hardened concrete with an adhesive are called chemical anchors. Chemical anchors
are widely used for the connection of new elements to be added to reinforced concrete structures because they are fast and
easy to apply. When a new element is added to the structural system, the interlocking of the old and new elements depends
on the interlocking between the reinforcement, chemical adhesive and concrete (Cook, 1993). The anchors are exposed to
tensile, shear and, bearing loads generated by reinforcement systems such as shear walls or reinforced concrete shells. With
these reinforcements, it is possible to ensure that existing and new concrete elements resist seismic forces together without
compromising the safety of the structure. In addition, anchors are commonly used for the erection of precast elements in
industrial structures and power plant structural element assemblies that are exposed to high temperatures. Therefore, great
care should be taken in the application of chemical anchors. The performance of the chemical anchor depends on the planting
depth, the distance between the edges and anchors, the properties of the adhesive to be used, the cleanliness, humidity and


mailto:ozlem.caliskan@bilecik.edu.tr
mailto:murat.aras@bilecik.edu.tr
mailto:y.agdag@gmail.com
mailto:murat.aras@bilecik.edu.tr
https://doi.org/10.7764/RDLC.22.3.613
https://orcid.org/0000-0002-5272-9552
https://orcid.org/0000-0002-2102-8868
https://orcid.org/0000-0002-6299-6101

Revista de la Construccién 2023, 22(3) 613-631
614 of 631

temperature of the place where the anchor will be planted. It is important to choose the appropriate material for the place to
be used in order to obtain the desired performance. It has been observed that chemical adhesives used for the same purpose
can give different results in terms of tensile strength (Bajer and Barnat, 2012; Caligkan and Aras, 2017). Chemical adhesives
are known as epoxy or resin. In recent years, the use of chemical anchors has increased in the repair and strengthening works
of buildings, and in adding forgotten or additional reinforcement. Thus, the importance of chemical adhesives has gradually
increased. Chemical adhesives can be polyester, vinylester, epoxy based or epoxy acrylate based (Cook, 1993, Caliskan and
Aras 2017). Apart from chemical adhesives, anchor rods can also be planted with mortar called grout (Porcarelli, et al. 2021).

Chemical anchors can be subjected to tensile (McVay et al. 1996; Obata et al. 1998; Zamora et al. 2003; Shirvani et al.
2004; Kim et al. 2013), shear (Caliskan et al. 2013, Bokor et al. 2020) and tension-shear (Epackachi et al. 2015, Takase, 2019)
loading. In practice, anchors are planted more than once and work in groups (Stehle and Sharma 2021, Vita et al. 2022). In
chemical anchors, interlocking occurs through the friction force between the chemical and the anchor reinforcement and
concrete. In order to ensure full interlocking, the appropriate material must be selected. The parameters affecting the axial
tensile behavior of chemical anchors are mechanical and physical properties of the chemical adhesive used, area of use, type
of use, ambient conditions, humidity, cleanliness of the holes, quality of workmanship, distance between anchors, distance of
anchors to the edge, anchor diameter and depth (Higgins and Klingner 1998; Gross et al. 2001; Cook and Konz 2001; Eli-
gehausen and Cook 2006; Kim et al. 2013). Temperature has also been shown to determine anchorage capacities (Richardson
et al. 2019, Hlavicka and Lubldy 2018, Ba et al. 2021).

Cook and Konz (2001) conducted anchor tensile tests at two different temperatures, room temperature and 43°C, to deter-
mine the effect of chemical anchors on bond strength (Cook and Konz 2001). Pinoteau et al. (2011) examined the tensile
performance of anchors for different temperatures. They determined that there was no change in the tensile strength of the
anchor at low temperatures. They observed that the anchor rods were directly affected, but there was no significant reduction
in the tensile strength of the anchor at conditions above 20°C. They stated that the effect of heat should also be considered
when designing shallow anchors (Pinoteau et al. 2011). The types of collapse in chemical anchors are steel rupture, concrete
cone collapse and concrete splitting. The anchorage loses its strength in one or a combination of these situations (Bajer and
Barnat 2012, Kim et al. 2013, Gonzalez et al. 2018). Concrete cone collapse depends on concrete properties, anchorage type
and embedment depth (Yilmaz et al. 2013, Mcvay et al. 1996). Splitting of concrete depends on the concrete strength, the
thickness of the element where the anchor is inserted and the distance of the anchor from the edge (Bajer and Barnat 2012).
The stiffness of the anchor is less in cracked concrete compared to uncracked concrete. Cracks in concrete tend to loosen the
interlock between the adhesive and concrete (Eligehausen and Balogh 1995). With the increase in material diversity, fiber
reinforced (FRP) (Zhang et al. 2017, Li et al. 2018), carbon fiber reinforced (CFRP) (Wang et al. 2021, Sun and Ghannoum
2015), basalt fiber reinforced (BFRP) (Ma et al. 2019, Henin et al. 2019, Li et al. 2020) and glass fiber reinforced polymers
(GFRP) (Maranan et al. 2015, Rosa et al. 2021). Anchors are also added to fiber-reinforced and self-compacting concretes
other than normal concretes (Hamad et al. 2017, Nilforoush et al. 2017). They found that the addition of steel fibers improved
the behavior of concrete up to 53% depending on the type of concrete and was effective in preventing the concrete from
bursting (Kalthoff and Raupach 2020). When the studies were analysed, it was seen that the hole diameter to be drilled for
planting the anchors was selected 4-8 mm more than the rod diameter (Yilmaz et al. 2013, Caliskan and Aras 2017, Miise-
vitoglu et al. 2020). However, it was stated that the hole diameter was not very effective in the performance of the anchor
(Miisevitoglu et al. 2020).

While determining the parameters in the study, the environmental conditions, diameters and depths encountered in the
application area were taken into consideration. The diameter of the hole to be drilled was also determined by considering the
studies conducted. When the literature is examined, it is seen that environmental conditions have not been addressed compre-
hensively. In this study, the tensile behavior of anchors under adverse conditions that may occur at different installation times
was investigated. In the study, 6 different ambient conditions, 3 different diameters and 4 different planting depths were
selected as variables. The behavior of individual chemical anchors planted in different diameters, depths and ambient condi-
tions under tensile loads was investigated and safety levels were determined by evaluating according to the formulation in
ACI 318 Annex-D Building Code Requirements for Structural Concrete: Anchorage to Concrete (ACI 318-19). Ribbed rods
of 12, 16 and 20 mm B420C class were selected as diameter. Anchor rods were sown at 5, 10, 15 and 20 times the diameter
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and in clean, semi-clean, humid, semi-humid, 50 and 150°C ambient conditions. Unreinforced concrete elements with an
average 28-day compressive strength of 21 MPa were used to plant the anchor rods. The holes where the rods were planted
were drilled 4 mm more than the reinforcement diameter. For planting the anchor rods, a two-component, cartridge product,
which is frequently used in the market for sprout planting, was selected. Pull-out tests were performed on 72 planted anchor
rods and load-displacement graphs were obtained. Axial bearing capacity, failure modes, initial stiffnesses, displacement
ductility ratios and energy consumption capacities were determined using the load-displacement graphs. Capacity and design
strengths were calculated for the parameters used in the study according to the formulations in ACI 318 Appendix-D and
compared with the experimental results.

2. Experimental study

The axial tensile capacities of chemical anchors and the failure load are related to the mechanical properties of the material,
anchor diameter, embedment depth, drilled hole diameter, distance between anchors, distance of anchors from the edge. When
adding new structural elements to existing structural systems, 12-, 16-, and 20-mm diameter rods and embedment depths
consistent with the cross-sections of the structural elements are typically used. In this study, the effects of adverse conditions
on chemical anchors were investigated. Anchor rods with diameters of 12, 16 and 20 mm are embedded at aspect ratios such
as 5, 10, 15 and 20.

Environmental conditions anchor holes; Clean; It cleaned at least 3 times with the help of a compressor, Semi-clean; It
cleaned once with the help of a compressor. Humidity, anchor holes saturated with water and waited for 12 hours and the
water drained, semi-wet conditions, saturated water, waited for 1 hour and discharged the water were studied. Similarly, the
environmental conditions where the anchor holes were heated to 50°C and 150°C. In this study, 72 anchor tests were applied.
All these anchors were sealed with a two-component cartridge adhesive. Loads and displacements were measured during the
experiments and load-displacement curves were plotted. From these curves, ultimate load capacities, initial stiffness, displace-
ment ductility ratios, and energy absorption capacities were determined. The design forces of the ACI 318-19 anchors were
compared to their axial tensile capacities. In addition, the safety coefficients were detected and the failure modes determined
according to ACI 318 (Figure 1).

Single Group

(d) (e ®
Figure 1. Anchor failure mechanisms, a-steel failure, b- pullout, c- concrete breakout, d- concrete splitting, e-side-face
blowout, f-bond failure (ACI 318-19).
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The strength of the chemical anchors, the quality of the concrete to be anchored, the depth of anchoring, the distance
between anchors, the distance from the edge of the anchor, the diameter of the anchor hole, the ambient temperature, the
preparation and application of the anchor holes, etc. are all factors that affect the strength. In this study, the distance between
chemical anchors and anchor edge distances were incorporated in accordance with ASTM E-488 and, thus it was aimed to
prevent edge failure or concrete cones to be affected by each other (Table 1).

Table 1. Anchor spacing and edge spacing (ASTM E-488).
Chemical anchors

Embedment length (ld) Distance between to Distance to edge and loading frame
anchors
<6do (shallow) 2 g 1lg
6do-8do (standard) 1,514 1lg
>8do (deep) 1lg 0,754

The diameter of the drilled hole was created to be 40 mm larger than the diameter of the anchor reinforcement to be used.
The fabrication and pull-out tests of the anchors were performed under various specified conditions. In the anchorage exper-

iments, ribbed B420C rods were used. The tensile test was applied to the rods three tests of each diameter and the results were
given in Table 2.

Table 2. Anchor mechanical properties.

Diameter (mm) Average Yield strength Average tensile strength Elongation at break
(N / mm?) (N / mm?) (%)
12 465 543 31
16 473 579 29
20 477 582 30

Concrete blocks produced as ready-mixed unreinforced concrete of class C20/25. The mixing ratios by weight of the con-
crete was shown in Table 3. A pressure test was performed on day 28 on the three samples taken during production. The

results were shown in Table 4. Anchor rods embedded using epoxy. Table 5 was given the properties of the epoxy-based
adhesive.

Table 3. Mixing ratios by weight for 1 m? of concrete.

. C 20/25

Material (kg)
0-4 mm 1180

5-12 mm 225

12-22 mm 510

CEM 1425 260

Water 190

Chemical 3.5
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Table 4. 28-day concrete compressive strength.
C 20/25 (MPa)

| I 11 Average
21.25 21.73 20.13 21.04

Table 5. Mechanical properties of chemical adhesive.
Material structure

Component 2
Mixing ratio A:B=10:1
Colour Grey
Compressive Strength 83 MPa (ASTM D 695)
Bending Strength 29 MPa (ASTM D 790)
Tensile Strength 15 MPa (ASTM D638)
Elastisite Mod(lu 3800 MPa (ASTM D 638)
Density 1.8 kg/l

In this study, 12-, 16-, and 20-mm diameter anchor rods were used. Depths of 5, 10, 15, and 20 times the diameter were
chosen as embedment depths. Clean/semi-clean, wet/semi-wet, and 50°C/150°C ambient conditions were variably examined
in the study. Variations and explanations of the variables were presented and explained in Table 6. In this study, a two-
component product, cartridges, widely used in the market, was used to embed the anchors. This material is a two-component,
fast-curing product used to embed high-performance anchor rods. It is a cartridge product and is widely used for sprouting.

Table 6. The parameters used in the study.

- Diameter Asp_e ct .
Specimen (mm) ratio Explanation
(hef/d)

The situation that the anchor holes are completely puri-
C Clean fied from dust. Cleaning with the help of a compressor
at least 3 times.

Semi- The situation that the anchor holes are left dusty. Clean-

SC Clean 12 5 ing with the help of a compressor only once.
. 16 10 The anchor holes are saturated with water and waited for
H Humidity 12 hours and the water is drained.
20 15
SH Semi- The anchor holes are saturated with water and waited for
Humidity 20 12 hours and the water is drained.
o o The situation of embedding rods by heating to 50°C from
50°C 50°C ;
the inner surface of the anchor holes.
150°C 150°C The situation of embedding rods by heating to 150°C

from the inner surface of the anchor holes.

The holes for the anchors were drilled considering the distance between the anchors and according to the edge boundary
conditions given in ASTM E-488-5 Regulation. Hole diameters were selected 4 mm larger than the diameter of the anchor
rod to be erected. The 72 holes were cleaned from dust with the help of compressed air. 12 anchor holes were not cleaned
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completely and left dusty. B420C ribbed bars were sewn into the drilled holes using chemical adhesive. Care was taken to
ensure that there were no air bubbles, that they were placed perpendicular to the base concrete and that they were protected
until the adhesive set.

In order to determine the tensile strength of 72 anchors embedded in different settings on concrete blocks, they were given
in Figure 2, and the pull-out test was done. The test set consists of a hydraulic piston to apply tensile force to the anchors, a
load cell to measure the forces, a displacement gauge to measure the amount of displacement, a steel block used to see the
type of failure, a data collection device to take the measurements, and a toothed jaw to hold the anchor rods. The anchor rods
held by the threaded jaws were pulled with a hydraulic piston, and measurements were taken with a load cell and displacement
meter, and load-displacement curves were obtained. The schematic representation of the experimental setup used in the study
was given in Figure 3.
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Figure 2. Experimental concrete blocks.
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Figure 3. Test and experimental setup.

Formulas for determining the design and capacity strength of chemical anchors under tensile forces are given in ACI 318-
19 according to failure modes (steel failure, pullout, concrete cone capacities). The formulation includes failure modes, anchor
diameter, embedment depth, edge spacing, quality of workmanship and strength reduction coefficient according to the effect
of ambient conditions. In the known literature, there is no formula-tion including humidity, dust and temperature conditions.
The tensile strengths obtained in the experimental results, capacity, design strength and safety levels were determined in
accordance with ACI 318-19. Tensile strength in the proposed formulation; steel failure, concrete cone and stripping capacities
were calculated separately. ACI 318 suggested axial tensile capacities;

Capacity building;
Nsq = nése futa ()

A= n (da _ 0,9743)2 @)

4 ne

where, n is the number of anchor, A_se is the effective cross-sectional area and f_uta is the ultimate strength (f_uta< min
(1.9f_ya) or 860 MPa). Concrete cone capacity

For single anchor;
ANc
Ncb= - q’ed,quc,Nlpcp,NNb (3)

ANco

where, Anc is the estimated failure area in concrete, Anco i the estimated the failure area in 1.5 her edge distance, Ny is the
nominal concrete failure strength, Weq,n is the reduction coefficient for distance to free edge and W is the reduction coeffi-
cient for cracked and uncracked concrete.

For post-added anchors, the nominal resistance to concrete failure can be calculated based on a certain coefficient.

Np= kAo [fo hef (4)

The anchor under tensile force must not exceed the breaking strength N of the concrete. Where, k. are the coefficients 17,
10 and for the chemical ankraj, pre-installed and installed anchor bolt respectively, also k. is a factor evaluated for experi-
mental data at 5% fractile as per ACI 318 and ACI 355. The coefficients given in the equation must be determined according
to the edge spacing.
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If Ca,minZ 1,5 hefa then lllled,N =1

If Ca,minS 195 hefv then lI/edrN :0,7+O’3 i;z:;

The capacity and design strength values according to the failure modes given in ACI 318-19 for the parameters used in
the study are given in Table 7. The strength reduction coefficient is 0.50 considering the unreinforced concrete, which is
highly affected by the quality of workmanship and ambient conditions and has low reliability.

Table 7. ACI 318 capacity and design strength values.

Diameter Embedment Steel capacit Cone capacit ACI capacity ACI design
(mm) depth (mm) pacity pacity Strength (KN)  Strength (kN)
60 23.87 23.87 11.94
120 42.28 42.28 21.14
12 180 65.10 61.99 61.99 31.00
240 77.37 65.10 32.55
80 29.89 29.89 11.94
16 160 55.38 55.38 21.14
240 11570 77.37 77.37 31.00
320 100.03 100.03 32.55
100 29.89 29.89 14.95
20 200 55.38 55.38 27.69
300 115.70 77.37 77.37 38.69
400 100.03 100.03 50.02

2.1. Initial stiffness, displacement ductility ratio and energy absorption capacity
2.1.1. Initial stiffness

Stiffness is the parameter that determines the displacement of a material, element or struc-ture under a certain load. The
stiffness of the combination of concrete, chemical adhesive and reinforcement used for anchoring is the slope of the line
drawn on the load-displacement curve (Ki). The initial stiffness is given in Figure 4. The initial stiffness gives information
about the behavior of the system and is used as a characteristic parameter in analytical studies.

2.1.2. Displacement ductility ratio

Ductility is the ability of a system or an element to flex without losing its bearing capacity. The ductility ratio in chemical
anchor application is determined according to the types of failure, taking into account the load-displacement curves. In spec-
imens with loss of strength, the failure ratio is the deflection value corresponding to the load value that is 0.85 times the
maximum load on the load-displacement curve. In specimens with increased strength, the failure rate is the displacement at
the failure point. The reinforcement to yield ratio is the deflection value corresponding to the maximum load. The ductility
ratio was obtained by proportioning the value of displacement at failure to the value of displacement at yield (8/6max). The
point at which it began to leaf out was also considered in specimens exhibiting failure -type leaf out. A large ductility capacity
means that the system or element can absorb large energy. Considering that the earthquake is an energy loading, the ductility
will absorb the energy while the earthquake is loading energy.

2.1.3.  Energy absorption capacity

The energy absorption capacity is obtained by finding the shaded area under the load-displacement curve obtained during
the experiment (Figure 4). The energy absorption capacity gives information about the performance of the system.
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Figure 4. Calculation of values from the load-displacement curve.

3. Experimental results and discussion

In this chapter, the load-displacement curves, stiffness, displacement ductility ratios, energy absorption capacities, failure
types, and safety coefficient values according to ACI 318 obtained from pullout tests on anchor rods embedded in different
diameters, embedment depths, and environmental conditions. In the experimental study, a total of 72 pull-out tests were
performed. The test program consists of 2x12 tests for clean and semi-clean conditions, 2x12 tests for wet and semi-wet
conditions, and 2x12 tests for temperature conditions of 50°C-150°C. The names of the test items were summarized in Table
5. The general load-displacement behavior graphs obtained from the experimental study was shown in Figure 5. The anchor
elements were pulled out prior to yield for embedment depths 5 and 10 under semi-clean, wet, 150°C ambient conditions. The
anchor elements were considered yielding for embedment depths 15 and 20 under full ambient conditions. In addition, the
elasticity ranges become more noticeable. The shallow embedment depths and ambient conditions were established to be
more effective in the anchoring elements.

3.1. Cleaning condition: tensile strength values and failure modes for cleaning and semi-cleaning conditions

The condition of cleaning the open anchor holes with a compressor at least 3 times is clean, and the single cleaning condi-
tion is semi-clean. In the following comments of the experimental study, the experimental items in the clean condition will
be interpreted as reference experiments. An axial tensile force was applied to the embedded anchors and load-displacement
graphs were obtained. Figure 6 shown the failure mechanism for some of the tested specimens. From these curves, the tensile
strength, initial stiffness, displacement ductility ratio, energy absorption capacity and failure modes of the anchors were de-
termined (Table 8). The initial stiffness, displacement ductility ratio, and energy absorption capacity obtained from the load
displacement curve resulted in reductions in the semi-clean condition. This shows that when the test elements are semi-clean,
it leads to a decrease in ductility. When the load displacement curves of chemical anchor elements embedded in a clean and
dusty environment were examined, it was observed that the initial stiffness, displacement ductility rate and energy absorption
capacity were decreased in the clean environment.

Among the cleaning test elements, the maximum axial tensile capacity was obtained at 139.5 kN in test element CD20L40.
When evaluated in terms of anchor diameters of 12, 16, and 20 mm, the average tensile strength values of the anchors are 43,
77,132 kN and 37, 66, 123 kN for the clean and semi-clean conditions, respectively. Looking at Figure 7, it can be seen that
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the axial tensile capacities increase with increasing anchor diameter and embedment depth in general. In the first 24 experi-
mental elements, peeling is generally observed as the failure mode. Axial tensile forces increase with increasing anchor di-
ameter and embedment depth. A decrease in axial tensile capacity was observed when cleaning the anchor hole to the intended
level. The axial tensile capacities of the 12-, 16-, and 20-mm anchor rods decreased by an average of 14, 12, and 7 percent,
respectively.

200
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Figure 5. Load- displacement relationships test specimens.

3.2. Humidity condition: tensile strength values and failure modes for wet and semi-wet conditions

The open anchor holes were filled with water completely, and the condition of waiting 24 hours to be emptied was wet,
and when the same process took place in 1 hour, a semi-wet condition was created. The results obtained were given in Table
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9. The maximum axial tensile capacity among the test elements in wet condition was obtained as 107 kN in the test element
SHD20L40, were given in Figure 8. When evaluated in terms of anchor diameter of 12, 16 and 20 mm, the average tensile
strength values of the anchors are 30, 66, 87 kN and 41, 67, 93 kN for wet and semi-wet conditions, respectively. When
examining the load-displacement curves of chemical anchors embedded in wet and semi-wet environment, it was found that
the initial stiffness, displacement ductility ratio and energy absorption capacity of the anchors presented in the semi-wet
environment were reduced.

Figure 6. Image for the test samples (CB: concrete breakout, P: pull-out).

Table 8. Cleaning status: test and calculation results for clean, semi-clean.

Anchor Embedment  Tensile strength Initial stiffness Displacement Energy dis§ipation Experimental
diameter depth (kN) (kN;?nm) ductility ratio (clfl\ﬁarﬂrtny) failure mode
(mm) (mm) C-sC c-sC C-sC c-sC C-sC
50 29.3 214 1437 200 1.36 2.12 32.35 24.26 CB CB
12 10D 41.7 40.3 9.37 8.80 1.06 3.40 65.00  494.40 CB CB+P
15® 49.8 48.1 1410 9.77 4.64 1.78  476.16 186.14 P CB+P
200 49.8 38.1 1851 14.47 5.87 556 44156 346.31 P P
50 77.9 52.7 6.57 13.83 1.05 1.05 38945 7446 CB+P CB
16 100 73.9 64.5 15.96 15.25 1.97 2.05 316.46 272.47 P P
15@ 79.6 775 17.97 19.38 1.94 215 272.02 323.16 P P
200 74.9 68.5 9.59 14.60 151 1.97 24170 299.90 P P
50 29.1 1103  12.00 19.56 1.12 1.09 2244 168.40 CB CB
20 100 1315 1247 1055 17.03 1.05 1.44  518.81 604.60 P P
15@ 1264 1211 1473 13.27 1.34 130 595.03 629.33
200 139.5 1350 1641 14.10 1.46 130 701.67 650.45
CB: Concrete breakout, P: Pull-out.
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Figure 7. Maximum axial tensile capacities for clean-semi-clean conditions.
Table 9. Humidity condition: test and calculation results for humid/semi-humid.
Embedment Tensile stlir;If:::;s Displacement Energ(;:); dei(s:?tl pation Experimental
Anchor depth strength (kN) K ductility ratio (kIE)l mrr>1/) failure mode
diameter (mm) H-SH H-SH H-SH
(mm) (KN/mm) H-SH
H-SH
50 147 188 9.03 8.09 1.07 1.17 8.52 20.75 CB CB
12 100 36.9 45 838 441 113 3.6 64.69 37455 CB
150 33.7 512 10.73 13.82 1.7 4.06 75.44 323.74 CB
200 364 495 6.78 1004 1.04 3.52 39.13 568.26 CB P
50 50.7 515 1621 21 112 1.09 66.91 59.08 CB CB
16 100 628 783 1652 14.66 1.08 1.87 99.27 35557 CB  CB+P
150 70.3 64.6 1572 1166 2.36 1.81 43756  295.33 P P
200 78.3 739 1963 1744 107 2.14 106.4 350.02 CB P
50 71.9 79.6 1554 1553 1.05 1.07 114.22 99.21 CB CB
20 100 79.5 828 2652 1285 1.37 1.38 14182 51671 CB CB+P
150 95.8 1032 2473 1268 1.15 1.77 25716 3738 CB CB
200 101.3 1073 2155 6.34 1.08 1.24 34.18 488.67 CB CB

CB: Concrete breakout, P: Pull-out.

When examining the experimental elements, a decrease in the tensile forces of the reference anchor was found under wet
and semi-wet conditions. In addition, humidity in the anchor holes, or in other words, increasing the time of exposure to water,
leads to a decrease in the axial tensile capacity. In the experimental group, debonding is generally observed in the experimental
element as a failure mode. The axial tensile capacities of the 12-, 16-, and 20-mm anchor rods were reduced by 18, 14, and
34% for the wet condition and 5, 13, and 30% for the semi-wet condition, respectively, compared to the reference test elements
(Figure 8).
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3.3. Temperature condition: tensile strength values and failure modes for the 50°C-150°C condition

The drilled anchor holes were heated to 50°C and 12-, 16- and 20-mm diameter anchor rods were driven to a depth of 5,
10, 15 and 20 times the diameter. Table 10 shown the results obtained. When the test elements were examined, reductions
occurred from the reference anchor forces in both the 50°C and 150°C cases. In addition, the increase in temperature in the
anchor holes creates a decrease in axial tensile capacities. In the experimental group, scraping is generally considered a no-
madic mode in the experimental element. The average axial tensile capacities at 50°C and 150°C for 12-, 16-, and 20-mm
anchor bars in the experimental elements were obtained as 48, 73, 127 kN and 39, 70, 124 kN respectively. With the increase
in temperature, the axial tensile capacities decreased by 19, 4.3%, respectively. The average axial tensile capacities decreased
by +4%, 5, 3 and 7%, 9.5% respectively for temperatures of 50°C and 150°C in the 12-, 16- and 20-mm anchors according to
the reference (Figure 9).

Table 10. Temperature status: test and calculation results for 50 °C-150 °C status.

Tensile Initial stiffness  Displacement d.Er]erg.y Experimental
dA_\nchor Embedment strength (kN) (kN;(mm) ductility ratio Lﬁ:lggﬂon failure mode
iameter depth A o 50°C-150°C pacity 50°C-150°C
(mm) (mm) 50°C-150°C  50°c-150°C (kN mm)
50°C-150°C
5d 32.3 29 8.68 13.31 3.73 0.83 42153 28.09 P CB
12 100 51.8 42.1 9.48 9.81 3.43 4.02 531.63 418.67 P
150 53.3 411 1374 992 4.06 4.4 489.21 428.75 P
200 53.3 421 12.01 13.66 3.82 3.8 483.01 276.13 P
5@ 60.7 42 1551 19.74 1.03 1.16 82.4 61.58 CB CB
16 100 69.9 724 1854 7.56 2.34 1.84 404.41 293.42 P
150 80.8 82.4 1424 1847 211 1.02 274.63 303.14 P
200 82.3 813 1844 159 2.04 1.89 371.96 349.07
5d 989 104.2 1547 1483 1.12 1.09 470.64 285.3 CB CB
20 100 134, 1331 15.63 23.27 14 159 704.23 600.42 P P
150 139. 1329 1464 1448 1.39 141 764.9 777.1
200 136. 126.6 14.72 11.25 1.33 1.56 658.4 977.38

CB: Concrete breakout, P: Pull-out.

As a result of the load displacement curves of chemical anchors, it was observed that the initial stiffness, displacement
ductility ratio and energy consumption capacity of all anchors. Averages of initial stiffness, displacement ductility and energy
consumption capacity in embedded anchors in clean and semi-clean environment were 13.35 KN/mm, 15 kN/mm, 2.03, 2.1
and 339 kN.mm, 339.5 KN.mm, respectively (Figure 10, 11). In this situation, it was observed that the tensile forces decreased
and caused a large displacement in the embedded anchors in the dusty environment.

The average initial stiffness, displacement ductility, and energy consumption capacity of anchors embedded in a wet and
semi-wet environment were 16 KN/mm, 12 kN/mm, 1.26, 2.1, and 120 KN.mm, 319 kKN.mm, respectively (Figure 10, 11). In
this case, anchors embedded in a semi-wet environment were superior in terms of tensile strength and energy consumption
compared to anchors embedded in a wet environment.

In the anchors embedded in 50°C and 150°C environment, the averages of initial stiffness, displacement ductility and
energy consumption capacity were obtained as 14 kN/mm, 14 kN/mm, 2.3, 2.1 and 471 kKN.mm, 400 kN.mm respectively
(Figure 10, 11). In this occasion, anchors embedded in 50°C environment were superior in terms of tensile strength and energy
consumption compared to anchors embedded in 150°C environments.
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Figure 8. Maximum axial tensile capacities for humid-semi humid conditions.

Axial Load (kN)

160
140
120
100
80
60
40

m50°C 150°C

Figure 9. Maximum axial tensile capacities for 50°C and 150°C situations.
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Figure 10. Initial stiffness and displacement ductility ratio.
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Figure 11. Average energy dissipation capacities (kN/mm).

3.4. Evaluation for anchor bars with a diameter of 12 mm

Tensile forces obtained from testing anchor bars with a diameter of 12 mm under seven different environmental conditions
were obtained. Compared to the tensile forces of anchor rods embedded in a clean and semi-clean environment, reductions of
27, 4, 4 and 24% respectively with increasing embedment depths were obtained. Compared to the values of anchor bars
embedded in a wet and semi-wet environment, a decrease of 22, 18, 34 and 27% was determined with increasing embedment
depths, respectively. Compared to the values of anchor bars embedded in 50°C and 150°C environment, there was a decrease
of 31%, 19, 23 and 21% respectively with increasing embedding depths.

3.5. Evaluation for anchor bars with a diameter of 16 mm

Tensile force values obtained from testing anchor bars with a diameter of 16 mm under seven different environmental
conditions were obtained. Compared to the tensile forces of anchor bars embedded in a clean and semi-clean environment,
the embedment depths decreased by 32, 13, 3 and 9%, respectively. Comparing the values of the embedded anchor bars in
wet and semi-wet environment, the embedding depth increased, and the embedded rods in 240 mm depth increased by 8%
and the embedded rods in 320 mm depth increased by 6%. Compared to the values of the embedded rods in a 50°C and 150°C
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environment, there was a 31% decrease for the rods embedded in a depth of 80 mm and 1% for the rods embedded in a depth
of 320 mm.

3.6. Evaluation for anchor bars with a diameter of 20 mm

The tensile forces obtained from testing anchor bars with a diameter of 20 mm under seven different environmental con-
ditions were obtained. Compared to the tensile forces of anchor bars embedded in a clean and semi-clean environment, a
decrease of 15, 5, 4 and 3% respectively with increasing embedment depth is observed. Compared to the values of anchor
bars embedded in wet and semi-wet environment, a decrease of 30, 4, 7 and 6% was determined by increasing the embedding
depths.

When the experiments regarding the cleaning condition are considered in terms of ACI 318 safety levels, it can be seen
that the cleanliness of the anchor holes exceeds the safety factor. In cases where the cleaning requirement is not met in the
experimental elements, it is seen that the safety levels remain at a risky level. This situation again shows that the cleaning
parameter must be considered in anchoring applications. When the experiments for humidity are considered in terms of ACI
318 safety levels, it can be seen that the exposure of anchor holes to humidity 24 hours a day is low in safety factor. Compared
to the baseline results in the experimental elements, it was observed that the safety levels decrease. When the safety levels of
50°C and 150°C were considered, it was observed that the temperature increase and the safety coefficient decreased. Figure
12 shown the safety levels of the experimental elements, is examined, generally the adverse environmental conditions prevent
them from achieving the targeted performance levels.
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Figure 12. Safety levels according whole conditions.

4. Conclusions and comments

In this study, 12-, 16-, and 20-mm diameter anchor bars were embedded under clean, semi-clean, wet, semi-wet conditions
at 50°C and 150°C, at depths of 5, 10, 15, and 20 times the diameter, and exposed to a pull-out test. The result of these
experiments provided load-displacement curves of the anchor bars. The final tensile force values, initial stiffnesses, displace-
ment ductility ratio, energy absorption capacities and failure modes were determined from the load-displacement curves. In
addition, coefficients of safety were determined by comparing the design capacity and strength values using ACI 318 for
chemical anchors. The results obtained in this study can be listed as follows.
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1. Regardless of the ambient condition, the tensile force increased as the anchor diameter increased. The average tensile
force values of the specimens with clean ambient condition; There was an increase of 79% from 12 mm to 16 mm
and 150% from 16 mm to 20 mm. In the semi-clean condition, these values increased by 68% and 214%, in the
humid environment, there was an increase of 79% from 12 mm to 16 mm and 39% from 16 mm to 20 mm. For the
samples with semi-clean ambient conditions, the average increase was 68% for 16 mm and 86% for 20 mm. The
increases were 115% and 161% for humid condition, 63% and 27% for semi-humid condition, 36% and 85% for
50°C condition, 80% and 79% for 150°C condition.

2. Regardless of the ambient condition, the seeding depth generally increased up to 15, after which it either decreased
or increased slightly. In the clean condition, it increased 42% from 5@ to 108 and 19% from 10 to 15@. In the case
of semi-clean, humid and 150°C; it increased up to a depth of 100 and then decreased. In the semi-moist and 50°C
cases, the tensile capacities increased up to a depth of 15@ and then decreased.

3. In the experimental study (cleaning, humidity and temperature conditions), the worst-case condition was performed
as a wet condition.

4. The average strength losses of the anchor bars during transitions from clean to dusty environments are 12%, 14% for
12 mm diameter anchors, 14% for 16 mm diameter anchors and 7% for 20 mm diameter anchors.

5. The average strength losses in the anchor bars during transitions from a semi-wet to a wet environment are 11%,
25% in 12 mm diameter anchors, 2% in 16 mm diameter anchors and 7% in 20 mm diameter anchors.

6. Anchor elements embedded in wet and semi-wet environments caused strength losses of 20% and 12%, respectively,
according to reference testers.

7. The average strength losses in the anchor bars during transitions from 50°C to 150°C are 11%, 24% in 12 mm
diameter anchors, 7% in 16 mm diameter anchors and 2% in 20 mm diameter anchors.

8. Anchor elements embedded in 50°C and 150°C environments resulted in strength losses of 6% with an increase of
3% respectively compared to the reference tests.

9. The maximum energy ingestion capacity is 50°C, and the minimum is reached in anchor elements embedded in a
humid environment.

10. The test results were compared with the capacity and design strengths given in ACI 318-19 and the safety coefficients
were determined. When all the test results were evaluated, the design strength safety numbers were above 1 regard-
less of the ambient conditions. More than 50% of the capacity strength safety values were below 1 for the specimens
made for humid and semi-humid conditions. The average safety number for capacity strength was 1.2 for clean
environment and 2.5 for design strength. For semi-clean condition it was 1.3-2.6; for moist condition it was 1-2; for
semi-moist condition it was 1.1-2.2; for 50°C condition it was 1.4-2.8; for 150°C condition it was 1.3 for capacity
strength and 2.6 for design strength. It is seen that the most unfavorable condition is humid and semi-humid condi-
tion.

In this study, it is found that the axial tensile strength decreases with different environmental conditions and periods of
exposure to the situation. Therefore, it is necessary to take care of chemical anchoring applications in conditions such as dust,
humidity and temperature.
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