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A B S T R A C T

Hurricanes are responsible for approximately $28bn of damage every year in the United States alone, which may
reach $151bn by 2075 due to the intensification of climate change according to certain prediction models.
Approximately 35% of this damage is estimated to come from anchorage failures of non-structural components
(NSCs). Severe exposure of NSCs to the adverse environments (such as elevated temperatures and long-term
concrete cracking) and wind-induced bending effects during hurricanes promote anchorage failures. Three-di-
mensional (3D) nonlinear finite element (NLFE) analysis methods are currently required for simulating the
anchor behavior due to the 3D phenomena involved; however, these models are rather complex and compu-
tationally prohibitive for analyzing large systems commonly encountered in practice. This study proposes a 2D
analysis methodology that combines the strengths of 3D numerical modeling with the artificial neural network
techniques to rapidly simulate the anchorage behavior while accounting for the effects of the adverse en-
vironmental exposure, concrete cone failure, and wind-induced bending effects. The methodology, which is
validated with experimental data and 3D NLFE analyses, employs three distinct techniques as follows: (i) a novel
modeling approach, ‘the Equivalent Cone Method,’ to accurately simulate the concrete cone breakout failure, (ii)
analytical equations developed to account for wind-induced beam bending and elevated temperatures, and (iii) a
multilayered feed-forward artificial neural network, trained and tested with the experimental data from a
worldwide database, to rapidly account for long-term concrete cracking experienced by rooftop slabs. By em-
ploying these techniques, the proposed methodology permits the use of 2D NLFE models for anchor analysis with
accuracies comparable to advanced 3D NLFE models but at a fraction of the computational cost.

1. Introduction

Since 1980, the United States has lost $935bn to tropical storm
damage [1]. Recent studies suggest that this damage is rapidly in-
creasing due to urbanization of the coastal areas and climate change
[2–9]. The unusually active hurricane seasons of 2017 and 2018 in the
Atlantic demonstrate this trend. More recently in 2019, a so-called
‘bomb cyclone’ brought hurricane-like wind speeds farther into the U.S.
continental land, including the Midwest, affecting areas that are neither
accustomed nor prepared to withstand strong winds. If this trend con-
tinues, the current post-storm cost of $28bn/year (as of the year 2015)
may reach $151bn/year by 2075 [3].

Approximately 35% of hurricane loss is estimated to come from
damage to non-structural components (NSCs) [10], such as heating,
ventilation, and air-conditioning (HVAC) systems; solar panels;

inverters; and renewable energy systems (see Fig. 1). This number is
expected to increase as the next-generation zero-energy buildings will
contain a significantly higher number of NSCs anchored to their roof-
tops.

Reconnaissance studies by the (FEMA) indicate that the main cause
of hurricane damage to is poor anchorage [14]. NSCs are typically
anchored to the rooftops of buildings through post-installed anchors
and expected to provide service for several decades. Adhesive anchors
are commonly used since they provide the flexibility to adjust the in-
stallation location while providing high load capacities. However, they
are sensitive to adverse environmental conditions commonly en-
countered at rooftop levels, which weaken them over several decades
and make them vulnerable to strong windstorms.

An important environmental condition is the elevated temperatures
present on the roof, which can exceed 75 °C in the U.S. even in areas
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considered cold, such as the Midwest [15]. These high temperatures
soften the resin used in adhesive anchors, affecting their hurricane
performance [e.g. 16]. Another adverse condition is the presence of
concrete cracks and deterioration in the rooftop slabs where NSCs are
anchored. Concrete members routinely develop cracks over time due to
the application of daily service loads. Research shows that the anchors
act as a ‘crack magnet,’ attracting cracks to form and propagate around

themselves [17]. However, in most current numerical analysis techni-
ques, there is a lack of material models to account for the bond damage
and reduced adhesive performance when it is in contact with cracked
concrete [17], which may lead to unsafe designs and premature anchor
failures during windstorms.

Aggravating this scenario, most current analysis methods and design
provisions [e.g. 18, 19] are based on the isolated performance of single
anchors, which neglects the system-level phenomena such as wind-in-
duced bending of the supporting beams, which causes additional
stresses during windstorms. Due to the lack of simple analysis methods,
these effects are not typically considered in anchor design, which may
lead to premature anchor failures during windstorms.

To study and advance the current knowledge on how these adverse
effects impact the anchorage performance, 3D nonlinear finite element
(NLFE) analyses are an appropriate option since they can simulate the
3D phenomena involved. However, from a computational and practical
point of view, 3D NLFE models are rather complex and computationally
expensive (i.e. typically requiring hours). 2D NLFE models, on the other
hand, are much simpler to create and run, and take significantly less
time to complete (i.e., typically minutes). However, there is a current
challenge regarding the consideration of the 3D phenomena in these
models, such as the wind-induced bending, and the conical concrete
stresses, cracking and failure modes.

This paper presents a novel methodology to permit the use of 2D
NLFE models in the analysis of anchors that accounts for effects of the
adverse rooftop environment and wind-induced bending while
achieving an accuracy similar to 3D NLFE models. To create this
methodology, 3D high-fidelity nonlinear NLFE models are created, va-
lidated (with the data from 14 experimental tests), and employed to
generate the data from single-anchor and NSC-anchorage system ana-
lyses. The data generated is employed to (i) create and validate a 2D
modeling approach (Equivalent Cone Method or ECM) which permits
2D models to accurately predict the anchor load capacity in concrete
breakout failure mode – a 3D phenomenon, (ii) derive analytical
equations to quantify and account for the effects of wind-induced beam
bending and elevated temperatures in 2D models, and (iii) develop,
train, and test an artificial neural network (ANN) with 160 experi-
mental results to account for concrete cracking in anchor analysis in a
much simpler manner than currently possible. By taking advantage of
these new techniques, the proposed methodology can predict the an-
chor response, requiring much less time and effort while still providing
an accuracy comparable to the 3D NLFE models.

2. Overview of the 2D anchorage analysis methodology

An overview of the proposed 2D analysis methodology is presented
in Fig. 2. The first stage of the methodology requires the creation of a
2D NLFE model. To accurately predict the stiffness and load capacity of
an anchor, the NLFE model considers the nonlinear stress-strain re-
lationship in the concrete, steel and adhesive, and the interactions be-
tween these components, as discussed in Section 2.1. To accurately

Fig. 1. Impacts of hurricanes on the next-generation zero-energy buildings [11,12,13].

Fig. 2. Stages of the proposed methodology.
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predict the concrete breakout capacity using 2D models, the Equivalent
Cone Method (ECM) is developed in Section 2.2.

The second stage of the methodology, which is needed for the
system-level analysis, accounts for the wind-induced bending of NSC-
supporting beams. Strong wind loads can bend supporting beams in the
direction perpendicular to the wind, which in turn bends the anchors,
reducing their load capacities. To consider this effect, the yielding and
ultimate strengths of the anchor rods are reduced according to the
analytical equations derived in Section 2.3 from the results of the
system-level investigations.

The third stage of the methodology accounts for the long-term
concrete cracking which may be present in the rooftop slab where the
NSC is installed. To consider this effect, an artificial neural network
(ANN) model is developed in Section 2.4. This network predicts the
anchor capacity in cracked concrete and uses this value to calculate a
reduced bond strength for use in the 2D NLFE model.

The fourth stage of the methodology accounts for the effects of
elevated temperatures. If the adhesive anchors are exposed to elevated
temperatures above 40 °C, the resin around the anchor may soften,
resulting in a reduction of the bond strength and stiffness. This phe-
nomenon is considered by modifying the bond properties for use in the
2D model according to the new analytical equations developed in
Section 2.5. If both concrete cracking and elevated temperatures are
present simultaneously, the ANN model is used first, followed by the
analytical equations.

2.1. Definition and validation of the material models

The 2D NLFE model requires defining the nonlinear relationships
between stresses and strains in the concrete, steel, and adhesive. For
this purpose, a set of advanced material models is validated with the
results from the 3D high-fidelity NLFE models and experimental data as
discussed in this section.

The concrete damage plasticity (CDP) model [20] is employed to
simulate the concrete behavior due to its ability to capture the concrete
crushing in compression and cracking in tension. The local crushing of
the concrete may occur around the anchors while the cracking of the
concrete may occur anywhere in the slab where tensile stresses are
present. The Hognestad parabola [21] is used to define the stress-strain
relationship of the concrete in compression (Fig. 3a), while the tension
softening formulation presented in reference [20] is used to account for
the post-cracking concrete resistance (Fig. 3b) due to such mechanisms
as the aggregate interlock and fracture energy. The behavior of the

anchor rod is modeled using the Menegotto-Pinto model (Fig. 3c) which
accounts for the nonlinear strain hardening behavior after yielding. The
behavior of the adhesive resin is defined according to the trilinear
Eligehausen model [22] (Fig. 3d), with a linear-elastic branch, peak
strength plateau, and linear post-peak softening, which represents the
experimental behavior observed for most adhesive types.

To validate the material models employed in the methodology, 14
3D high-fidelity NLFE models of single anchors are created and ana-
lyzed under pullout and shear loading; the simulated responses are
compared with the experimental results. This validation study does not
need to be repeated when applying the 2D methodology; it is conducted
here to validate the material models. The experimental specimens are
selected from the literature to exhibit the main types of anchor failure
modes; namely steel rupture in tension, concrete breakout, bond
failure, and steel fracture in shear [18]. Specimen details are presented
in Table 1, where da is the anchor diameter, hef is the anchor embed-
ment depth, dtip is the anchor tip diameter, f’c is the concrete com-
pressive strength, f’t is the concrete tensile strength, fy is the steel yield
strength, and fu is the steel ultimate strength. More information can be
found elsewhere [23–28].

During the creation of the 3D NLFE models, only one-quarter of the
specimens are modeled to reduce computational demand. Eight-node
3D solid elements [29] are used when modeling the steel anchor rods
and concrete regions, while cohesive elements are used when modeling
the adhesive resin. A frictionless, hard contact interaction is defined to
prevent interpenetration between the anchor and the concrete.

The results of the validation studies demonstrate that the proposed
material models accurately capture the main anchor failure modes. In
the steel rupture mode, the anchor elongates as the steel yields, reaches
its ultimate strength, and ruptures near its top (Fig. 4a). In the concrete
breakout mode, the concrete cracks with an angle close to 35° and
comes out in a conical shape (Fig. 4b). In the bond failure mode, the
anchor slides out of the borehole when the adhesive reaches its bond
strength with little engagement of the concrete (Fig. 4c). In the steel
failure mode in shear, bearing of the concrete occurs in the direction of
the load prior to cracking and shearing of the steel anchor over its cross-
section (Fig. 4d). A good agreement between the numerical and the
experimental load-displacement responses is obtained in all failure
modes examined albeit with an underestimation of the ductility in the
shear failure mode (see the lower plots in Fig. 4a–d).

The load capacity predictions from all 14 specimens are found to be
within 10% of the experimental results as shown in Fig. 5. This process
validates the material models employed, and these models can be used
during the creation of the 2D NLFE models without the need to repeat
this validation study.

2.2. Equivalent cone Method (ECM)

The concrete thickness has a fundamental role in the concrete
breakout failure mode (e.g. Fig. 4b). One limitation of 2D NLFE models
is that stresses and strains are constant over the thickness of the ele-
ment. However, in reality, the stresses in the concrete tend to propagate
in a conical shape from the tip of the anchor towards the top of the
concrete surface. When the tensile capacity of the concrete governs (i.e.
concrete breakout occurs), a 3D conical cracking pattern (i.e., the
concrete cone) forms, which cannot be accurately simulated by 2D
NLFE models. To overcome this limitation, a modeling approach named
‘the Equivalent Cone Method’ is developed. The method is based on the
following premises: (1) the concrete breakout manifests in a conical
shape in 3D models and experiments; (2) the concrete breakout load
capacity varies linearly with the thickness of the concrete in 2D NLFE
models; (3) the angle of the concrete cracking can be approximately
predicted by the 2D NLFE models; and, (4) the concrete breakout load
capacity is proportional to the cracked surface area in the model.

The first premise is confirmed by the existing experimental ob-
servations [e.g. 23–26], the results of which are shown in Section 2.1,Fig. 3. Material stress-strain response models.
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where a conical cracking shape is observed in the specimens failing in
concrete breakout. The second premise is verified by the results of six
2D NLFE analyses, which were conducted varying the concrete thick-
ness in Specimen D24H150 from 50 to 500 mm. As a result, the load
capacity is found to vary linearly with the increase in the thickness of
the concrete (see Fig. 6 where R2 is the coefficient of correlation),
verifying this premise. The third and fourth premises will be verified in
Section 2.2.1.

Based on these premises, the ECM calculates an equivalent concrete
thickness by equating the concrete cone surface area in 3D models to
the trapezoidal surface area in 2D models, as shown by the shaded areas
in Fig. 7.

As per the flowchart in Fig. 8, the application of the ECM starts with
the creation and analysis of a 2D NLFE model with an estimated con-
crete thickness equal to 3hef. This estimation is made to be consistent
with the ACI318-19 Chapter 17 recommendations [18], where the
concrete cone is extended horizontally up to 1.5hef in all directions,
resulting in an upper cone diameter equal to 3hef. Other values of
concrete thickness can also be used because the ratio of the calculated

values will be employed when deriving t2D. From this analysis, the
cracking angle and vertical crack extent are extracted and used to
calculate the concrete cone surface area Acone (using Eq. (1)) and the
trapezoidal surface area Atrap (using Eq. (2)). In these equations, the
cracking base bcr and height of the cone shape hcone are taken as the
anchor tip diameter and embedment depth, respectively. Eq. (3) is then
used to calculate the equivalent concrete thickness t2D. This concrete

Table 1
Geometric and material properties of the selected specimens.

Specimen Failure mode da hef dtip f′c f't fy fu τadh,max

mm mm mm MPa MPa MPa MPa MPa

D20L200W7023 Steel rupture in tension 17.0 200 70.0 25.0 1.65† 434 524 N/A
D20L400W7023 Steel rupture in tension 17.0 400 70.0 25.0 1.65† 434 524 N/A
D20L800W7023 Steel rupture in tension 17.0 800 70.0 25.0 1.65† 434 524 N/A
D16L160W5623 Steel rupture in tension 14.4 160 56.0 25.0 1.65† 434 524 N/A
D16L320W5623 Steel rupture in tension 14.4 320 56.0 25.0 1.65† 434 524 N/A
D20L100W7023 Concrete breakout 17.0 100 70.0 25.0 1.65† 434 524 N/A
D16L80W5623 Concrete breakout 14.4 80 56.0 25.0 1.65† 434 524 N/A
D24H15024 Concrete breakout 24.0 150 32.9 27.7 2.97 500* 500* N/A
D72H45024 Concrete breakout 72.0 450 88.5 27.7 2.97 500* 500* N/A
NPC44025 Concrete breakout 36.0 220 55.0 34.1 3.20 900 1000 N/A
Ae1226 Concrete breakout 12.0 60 12.0 21.8 1.54† 500* 500* 50.00*
D20H20027 Bond failure 20.0 200 20.0 47.8 2.28† 640 800 16.94
D12H7028 Bond failure 12.0 70 12.0 26.0 2.71 1080 1200 22.55
D20H20027 Steel fracture in shear 20.0 200 20.0 47.8 2.28† 640 800 16.94

Data source:[23–28]
† Estimated using ft'=0.33√fc' as per ACI318-19 [18].
* Estimated due to lack of data in the paper of origin.

Fig. 4. Validation of the 3D NLFE models for critical failure modes.

Fig. 5. 3D NLFE validation studies (14 analyses).
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thickness will be used in the creation of the actual 2D NLFE model in
the second stage of the methodology. The ECM enables the 2D model to
accurately predict the concrete cone capacity as equivalent to the 3D
counterparts. To facilitate its application, the ECM is programmed in an

open-access spreadsheet for the use of researchers and engineers; in
addition, an educational video is created to show the proper use of the
spreadsheet [30,31].

2.2.1. Validation and application of the ECM
To validate the ECM, the third and fourth premises must be verified.

For this purpose, the ECM is applied to create and analyze 2D NLFE
models of the six anchor specimens that exhibited concrete breakout
failures. The results are compared to those from the validated 3D
models and experimental tests. The cracking angles predicted by the 2D
models are observed to be a good approximation of those predicted by
the 3D models (see Fig. 9a for one example), which verifies with the
third premise of the method. In addition, the load capacities from the
2D models agree very well with the experimental ones shown in Fig. 9b,
with up to 10% of discrepancy in all cases, which verifies the fourth
premise.

2.3. Wind-induced bending of NSC-supporting beams in system-level
analyses

The second stage of the methodology accounts for bending of the
NSC-supporting beams in system-level analyses. Current anchor ana-
lysis and design provisions [e.g. 18] are typically based on the perfor-
mance of single anchors. In practice, however, steel beams (also called
sleepers) are commonly used to support NSCs on concrete slabs. During
strong winds, the web of these beams can bend significantly, which in
turn bends the anchor rod and causes additional stresses. The proposed
methodology considers this phenomenon through analytical equations
developed from the results of 3D NLFE analyses of NSC-anchorage
systems subjected to strong wind loads.

The system investigated consists of a box-shaped NSC (e.g., an
HVAC) supported by two steel beams which are placed parallel to the
wind direction and anchored to the concrete roof slab, with a com-
pressive strength of 27.6 MPa, by four adhesive anchors at their corners
as shown in Fig. 10. The design load was calculated as per reference
[19] for the hurricane category 5 in the Saffir-Simpson scale (i.e., wind
speed = 70 m/s). A commercially available anchor size that can safely

Fig. 6. Linear variation of the concrete breakout load capacity with the con-
crete thickness.

Fig. 7. Equivalent concrete breakout shapes in 3D and 2D models.

Fig. 8. Flowchart of the ECM.

Fig. 9. Validation of the ECM.
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resist the resulting wind loads was selected as shown in Fig. 10c.
In the system-level modeling, the NSC and W beams were modeled

as linear-elastic since their stress levels do not exceed the elastic range.
The steel anchor, concrete, and adhesive were modeled nonlinearly
according to the material models validated in Section 2.1. Full details of
the system design and modeling can be found elsewhere [32].

Wind creates simultaneously applied forces, including uplift due to
the suction on the top surface, lateral pressure on the leeward side, and
suction on the windward side of the NSC (Fig. 11a). When applied to
the system, this causes the NSC to tip in the direction of the wind
(Fig. 11b) with the two anchors on the leeward side experiencing ten-
sion and the two anchors on the windward side experiencing com-
pression. The reactions from the anchors in tension cause the beam to
bend significantly perpendicular to the wind. This action, in turn, bends
the top of the anchors and causes additional stresses (Fig. 11c). To
quantify this phenomenon, 28 system-level NLFE analyses were per-
formed by varying the W-beam web thickness and the distance from the
center of the anchor to the center of the beam web, called “eccentricity”
hereafter (Fig. 11c).

In the first seven analyses, the eccentricity distance (ecc) was varied
from 0 to 67 mm, which is the maximum permissible for the bottom
flange width of this beam, while the web thickness (tw) was kept as
8.1 mm. Bond failures of the anchors at their full capacity (i.e., 8.4 kN)
are predicted for eccentricities below 47 mm (horizontal lines in
Fig. 12a) while anchor rod steel failures are predicted above this value
(inclined lines in Fig. 12a). The eccentricity distance at which the
failure mode changes and the load capacity reduces is termed as ‘critical
eccentricity’ (ecccr), shown with red circles in Fig. 12a where the in-
clined lines intersect the horizontal ones. Beyond this critical eccen-
tricity, the anchor load capacity reduces linearly with the increase in
the eccentricity (Fig. 12a). This phenomenon can be explained by the
linear increase in the bending moment experienced by the web when
the anchor is moved away from the web of the beam, increasing the
moment arm linearly. In the remaining 21 analyses, tw was varied from
4.3 to 6.6 mm (i.e., commercially available values) for the same range
of eccentricity. The critical eccentricity decreased rapidly as the web
thickness was reduced, which means that when slender beams are used,
the anchors should be installed closer to the web to avoid this

Fig. 10. NSC-anchorage system components and layout (dimensions in mm).

Fig. 11. System-level response including NSC tipping and wind-induced beam bending.

S. Aragão Almeida and S. Guner Engineering Structures 212 (2020) 110505

6



phenomenon. In the most severe case, a 62% decrease in the load ca-
pacity was observed.

To provide guidance on how to avoid the premature anchor rod
failures due to the bending of the supporting beams, the relationship
between the critical eccentricity and the beam web thickness was stu-
died. A cubic relationship was found between these two parameters
(Fig. 12b), which is attributed to the cubic variation of the web moment
of inertia with its thickness. It is recommended, during the design, that
the eccentricity distance and the web thickness be selected to remain
below and to the right of the cubic curve, respectively, as shown in
Fig. 12b as the “safe zone”.

The proposed methodology considers the wind-induced bending
effects by reducing the anchor rod rupture capacity (Pred) according to
Eqs. (4) and (5), derived from the results shown in Fig. 12. This pro-
cedure permits modeling this 3D system-level phenomenon using 2D
models.

= − × −P P ecc ecc Pmin( 0.12 ( ), )red max cr max (4)

= − +ecc t t0.27t 3.00 12.24cr w ww
3 2 (5)

where Pred is the reduced anchor load capacity in steel rupture failure
mode due to the bending effects, and Pmax is the full load capacity of the
anchor in bond failure mode.

2.4. Artificial neural network to account for concrete cracking

The third stage of the methodology accounts for the detrimental
effects of long-term concrete cracking, which is commonly observed on
rooftop slabs. These cracks form due to the repetitive and long-term
application of service loads to the roof slabs. These cracks, in the long
run, create discontinuities in the bond between the adhesive resin and
the surrounding concrete [17], weakening the bond prior to the in-
cidence of windstorms. There is a scarcity of NLFE material models that
can capture this phenomenon. To bridge this gap, a novel artificial
neural network is developed as a part of the proposed methodology.

ANNs are a versatile mathematical tool that can ‘learn’ complex
relationships between input and output. When ‘trained’ with experi-
mental data, ANNs can predict the result instantaneously, which makes
them ideal for predicting the anchor capacity in cracked concrete.

The development of an accurate ANN relies on testing and opti-
mizing various configurations of trained ANNs; therefore, the training
process will be discussed first. For training, experimental data from
anchor tests was obtained from the worldwide database maintained by
the ACI Committee 355, which contains experimental results from 38
papers and reports from the USA, Europe, and Japan [33]. For
achieving this study’s goal, 160 specimens were available since they
satisfied the following requirements: (i) anchor installations were
conducted in cracked concrete; (ii) boreholes were cleaned and dried;
(iii) load was applied as static tension; and (iv) anchors were tested

individually. The adhesive type used in all specimens was Vynilester. To
provide the most applicability, it was ensured that the training and
testing sets (i.e. the specimens used for the training and testing, re-
spectively) cover the entire range of each input parameter. The training
set consisted of 144 specimens (90%) and the remaining 16 specimens
(10%) were used as the testing set, a rate used by other researchers
[34–36]. Additional details on the selected database can be found in
[32].

The ANN is trained by applying the forward and back propagation
techniques repeatedly in an iterative process. During the forward pro-
pagation, each neuron in the developed ANN modifies the input (x)
according to the weights (w) and biases (b) associated with each neuron
as per Eq. (6) to obtain the net input (u), which is further modified by
the activation function (Eq. (7)) to generate the output (y). The sigmoid
is used as the activation function due to its advantageous characteristics
of accepting any input in the real domain and being smooth. After the
final output is calculated, the back propagation is performed by cal-
culating the error (E) between the target load capacity (PTarget) and the
ANN prediction (PANN) as per Eq. (8). The developed ANN uses the
derivative of this error to update the weights and biases as per Eqs. (9)
and (10), which makes them converge to optimum values, leading to
accurate predictions after a sufficient number of iterations. A learning
rate (η) of 0.5 is multiplied by the error derivative in these equations,
which helps prevent overfitting and ensures that the ANN results can be
generalized. To increase the convergence rate of the weights and biases,
the inputs are normalized to be within 0 and 1, which is the region
where the sigmoid has the highest slope. To determine the optimum
number of iterations, several training processes were performed using
10,000 to 500,000 iterations. It was found that 50,000 iterations pro-
vided sufficient accuracy without overfitting or excessive training time.

∑= +u w y b( )j ij i j (6)

=
+ −

y
u

1
1 exp( )j

j (7)

∑= −E P P1
2

( )ANN Target
2

(8)

= −
∂

∂
w w η E

w (9)

= −
∂

∂
b b η E

b (10)

To obtain the most accurate prediction of the anchor load capacity,
various ANN configurations (i.e. number of neurons, number of layers,
and input variables) were created, trained, and evaluated in terms of
their total error and training time; see the details in [32]. As a result,
the optimum ANN configuration was determined to be the one shown in
Fig. 13. In this configuration, the input layer consists of five neurons
receiving the concrete compressive strength (f’c), the anchor diameter
(da), the anchor embedment depth (hef), the annular gap (Ag, i.e. space
between the anchor and the borehole in which the adhesive is placed),
and the concrete crack width (wcr). The output layer (i.e. the last layer)

Fig. 12. (a) Influence of ecc and tw on the anchor capacity, and (b) relationship
between tw and ecccr.

Fig. 13. ANN configuration developed.
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consists of one neuron that returns the predicted load capacity of the
adhesive anchor (PANN).

In this configuration, the ANN training takes only 12 s (using a
laptop computer with 7th Gen. Intel i5-7200 CPU, 8 GB RAM, and 1 TB
hard drive) and leads to accurate predictions of the anchor load capa-
cities which are nearly equally above and below the experimental re-
sults, presenting no clear bias (see Fig. 14a). To test the general ap-
plicability, the trained ANN was used to predict the load capacities of
16 specimens from the database that were not used during the training.
The accuracy obtained in the testing is even higher than that in the
training (Fig. 14b), confirming the applicability of the ANN to new
specimens.

To facilitate the application of the trained ANN in its optimum
configuration, an open-access spreadsheet [37] is developed, which
rapidly and accurately calculates the anchor load capacities (PANN) in
cracked concrete. Eq. (11) is then employed to calculate the reduced
bond strength of the adhesive in cracked concrete (τcr) for use in the
NLFE simulation during the definition of the adhesive material model,
allowing the cracking effects to be accounted for without any additional
computational cost. An educational video is also created to demonstrate
the proper use of the spreadsheet [38].

=
+

τ P
π d A h( 2 )cr

ANN

a g ef (11)

2.5. Analytical equations for the adhesive model in elevated temperatures

The fourth stage of the methodology accounts for the bond dete-
rioration due to elevated temperatures commonly encountered on the
rooftops in hurricane-prone regions. To achieve this objective, Eqs. (12)
and (13) are derived based on the experimental data from 16 anchor
tests performed in reference [16] (Fig. 15a, b). These equations are
applied to modify the adhesive strength (τadh) and stiffness (Eadh) as a
function of the temperature (Temp), where the maximum strength
(τadh,max) and stiffness (Eadh,max) represent unreduced values at normal
temperatures (e.g. lower than 40 °C). After this modification, the de-
sired temperature is applied to the adhesive prior to the load/dis-
placement application.

= × − × +τ Temp Temp τmin(0.0001 0.0275 1.9516, 1)adh adh max
2

, (12)

= − × × + × × −

× +

− −

E

Temp Temp

Temp E

min( 7.2 10 2.86 10 0.037

1.57, 1)

adh

adh max

7 3 4 2

, (13)

To demonstrate how this modification in the adhesive model affects
the anchor response, Specimen D12H70 [28] is re-analyzed subjected to
38, 60, and 82 °C (100, 140, and 180 °F), representing possible rooftop
temperatures [15]. The effect of these temperatures on the concrete and
steel properties are negligible; therefore, they do not need to be con-
sidered. The load–displacement responses obtained indicate a

significant reduction in anchor load capacity and initial stiffness, up to
70% at 82 °C (Fig. 15c). In addition, the stresses transmitted to the
surrounding concrete at failure decrease with the increase in tem-
perature due to the reduced bond between the anchor rod and sur-
rounding concrete (Fig. 15d).

3. Summary and conclusions

In this study, a 2D anchor analysis methodology is developed
combining numerical modeling and artificial neural network (ANN)
techniques to rapidly simulate both the single-anchor and system-level
NSC-anchorage response while accounting for the adverse environ-
mental exposure experienced by the rooftop slabs and the detrimental
effects of wind-induced bending. The following conclusions are drawn
from this study:

• The adverse environmental exposure and wind-induced bending
may significantly reduce an anchor’s performance and promote
premature anchor failure.

• The nonlinear material models employed in the proposed 2D NLFE
methodology accurately simulate the response of the concrete, steel,
and adhesive as demonstrated by the 3D high-fidelity NLFE simu-
lations.

• The Equivalent Cone Method (ECM) permits the use of 2D models to
accurately simulate the 3D concrete breakout failure mode. The
ECM determines an equivalent concrete thickness which permits the
load capacity predictions from 2D models to match those from 3D
models in concrete breakout failure mode. The open-access
spreadsheet created during this study facilitates the application of
the ECM.

• The 3D NSC-anchorage system analyses reveal that anchor damage
due to wind-induced bending of NSC-supporting beams may cause
premature anchor rod failures for eccentricity distances beyond a
critical value, reducing the anchor capacity by up to 62% in this
study. The equations developed calculate this critical eccentricity
and reduce the anchor load capacity for use in the 2D NLFE models.

• The developed multilayered feed-forward ANN can rapidly and

Fig. 14. Prediction accuracy of the developed ANN.

Fig. 15. Effects of elevated temperatures.
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accurately predict the capacities of adhesive anchors installed in
cracked concrete. The open-access spreadsheet created during this
study allows easy execution of the formulations of this ANN.

• The proposed methodology is capable of accounting for the effects
of concrete cracking in 2D NLFE analyses by calculating a reduced
bond strength using the results from the ANN.

• The two analytical equations derived enable quantifying the
strength and stiffness degradation of adhesives at elevated tem-
peratures when performing 2D NLFE analyses. The results show that
the anchor load capacity is reduced significantly, by up to 70%,
when the adhesive temperature is increased from 38 to 82 °C.

• The proposed 2D methodology takes a fraction of the time required
by 3D models while achieving load capacity prediction accuracies
similar to the 3D models and accounting for concrete cracking,
elevated temperatures, concrete cone failure, and wind-induced
bending effects.
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