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Abstract This research was based on a finite-element model (FEM) of large foundations such as

induced draft (ID) fans. Three-dimensional (3D) linear analyses were performed under arbitrary

static and dynamic loads for various modulus of elasticity of concrete (Ec) (20, 25, 28 and

30 GPa) and reinforcement (Es) (200, 250, 300 GPa). FEM results were compared with the existing

ID fan foundations (laboratory-based evidence) to assess the accuracy of simulations made by the

FEM. This study validated what constitutes a major departure from current thinking regarding

material properties modeling of concrete under various loads to increase foundation for lifetime.
� 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fan vibrations may lead to operational problems, shutdowns,
and curtailed operations. Therefore, the analysis of large struc-
tural concrete foundations for induced draft (ID) fans presents

a challenge to a wide variety of industrial plants [1]. Concrete
foundation cracks result not only from mechanical defects
which cannot be completely resolved by plant personnel (e.g.

imbalance and misalignment), but also from type of loading,
speed of rotors, and cyclic and dynamic loading (Fig. 1).
Fan vibration, caused by the mentioned reasons as well as

the frequency resonance of the dynamic load, can reduce the
safety factor of an ID fan foundation [2,3]. Simply checking
the validity of the foundation design for the stationary situa-
tion (as it often happens in practice) might not be enough to

produce a proper foundation design [4].
Many researchers have attempted to increase the life span

of ID fan foundations by identification of the reasons for their

higher sensitivity. In the beginning of the 20th century, the
analysis of large concrete foundations was limited to static cal-
culations based on vertical loads comprising dead load plus

machine weight multiplied by three-five. However, it is now
obvious that such designs with the first order natural frequency
alone are not sufficient to characterize the dynamic behavior of
large concrete foundations. In other words, a better under-

standing of the involved processes requires a dynamic analysis
[5]. Serious challenges posed by increasing heights of towers
and foundations along with concerns about design concepts,

life cycle, environmental impacts, and dynamic load necessitate
the revision of the existing production and assembling solu-
tions [6]. The finite element model (FEM) is a beneficial

method to include all parameters without the construction of
a full-scale foundation [7]. Research has shown that the first
and second natural frequencies obtained from a stiffness
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Figure 1 Typical concrete foundation of induced draft fan

systems in which cracks occur.
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matrix with coupled lateral behavior provided very good cor-
respondence with the FEM of the foundation, especially when

the effects of inertia on the foundation were negligible [8].
Operating deflection shape (ODS) models are also applied to
identify the weaknesses of the foundation at a large ID fan.
These models have indicated that adding mass and stiffness

with more piles and concrete could be reliable except when res-
onance is involved. The reliability of such models can be
obtained from Newton’s second law of motion (F= m � a)

which implies that the acceleration levels (a) would generally
be reduced by increasing the mass (m). Hooke’s law
(F = k � x), on the other hand, suggests that increased stiff-

ness (k) is generally associated with lower displacement levels
(x) [9]. Therefore, isolation systems can be useful to reduce
foundation vibration [10–12]. Meanwhile, the resonant fre-

quencies of the rotor and support system may cause very high
amplitude vibrations [13]. The mass of the foundation block
should also be adequate. The adequacy and dimensions of
foundations, particularly the more complex ones, can be best

evaluated by detailed analysis of the existing stresses and
strains [14].

Various standards and approaches have used the types of

loading (based on the coefficient of load), material properties,
and safety factor to determine the appropriate design of ID fan
foundations under static and dynamic loads [15–19]. While

several studies have assessed some parameters of ID fans sub-
jected to static or dynamic load, the deformation and stress
caused by fan vibration and mass have not been well evalu-
ated. These factors are affected by the shape and size of the

foundation and the strength of the materials. The characteris-
tics of the duct of screws and bolts used to connect the machine
to the foundation should also be accurately designed and spec-

ified. Precise design and implementation of fan foundations
can diminish the stresses and strains they receive and hence
increase their longevity.

As the prediction of foundation behavior under various
conditions can improve its structural performance, the present
work aimed to use the FEM to accurately estimate the behav-

ior of the concrete foundation under static and dynamic loads
with different frequencies. It is noteworthy that due to the pos-
sible imbalance of the fan, the load applied to the foundation is
generally dynamic unless a damper or isolator is used. We,

therefore, tried to evaluate the structural behavior of the fan
foundation under various types of loads, i.e. static and
dynamic loads with rotor speed of 400, 800, 1200, and 1800
rounds per minute (rpm). We also used different material
strengths, e.g. compressive strength of concrete and reinforce-
ment, to determine the critical points of foundation structures

in terms of displacements and stresses imposed and to predict
the actual behavior of the structure and the likelihood of fur-
ther damage. We finally compared our predictions with the

actual cement foundation of a plant.

2. Load cases

Foundation analysis requires the proper consideration of
machine loads, categorized as static and dynamic loads and
those exerted during operation, provided by the manufactur-

ers. The main static load is generally caused by the dead load
of the equipment. The magnitude of the moments produced by
the driving mechanism, typically calculated as a vertical force

couple, depends on both the rotational speed and power
output.

Imbalance, created when the rotating part’s center of mass
does not match the center of rotation, is responsible for major

dynamic loads during operation. Although these loads are
commonly presented by the machine manufacturer, they can
also be computed based on the balance quality grade of the

rotor.
The resultant imbalanced load F(t) (N) is calculated with

the rotating mass m (kg) as follows:

FðtÞ ¼ mex2 ð1Þ
where e (mm) is permissible eccentricity and x (rad/s) is rotor
velocity.

Since such an imbalance increases over the course of oper-

ation, the F(t) obtained from Eq. (1) has to be multiplied by a
factor which should typically, but not always, be greater than 2
[20].

Dynamic analysis is performed based on the vibration

modes of similar structures and the vibrations measured at
various fan speeds (e.g. 400, 800, 1200, 1500, and 1800 rpm).
According to Eq. (1), the total F(t) caused by fan rotation at

all bolts would be respectively 10, 20, 30, 40, and 50 tons for
the above-mentioned rotational frequencies. Based on the
direction of fan rotation, the concentrated force should be con-

sidered tensile at one side and compressive at the other side.
The static load exerted on the surface by the weight of the
equipment was considered 60 tons.

3. Model explanation and parameters

A three-dimensional (3D) numerical model was developed to
investigate the behavior of the concrete foundations of ID fans

under combined loading conditions. Finite element program-
ming was performed with Abaqus Unified FEA 6.13 (Dassault
Systèmes, France) [21]. The Poisson’s ratios of 0.2 and 0.3 and

densities of 2400 and 7850 kg/m3 were entered into the soft-
ware. Concrete components and steel bars were first generated
by the software (based on actual practical details) and then

assembled at their appropriate locations. The steel bars were
attached and completely embedded in the concrete structure.
Since proper meshing of the obtained structural components

is critical to the accuracy of the results, a 10-node quadratic
tetrahedron (C3D10) mesh and a 3-node quadratic beam in
space (B32) mesh were considered for the concrete structure
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and the steel bars, respectively. In the next stage, extensive sta-
tic and harmonic dynamic loading (caused respectively by the
rotor weight and the rotation of fan blades) was conducted

based on the relevant equations of the centrifugal force. Data
about the fixed support joints, including all rotations and
translations, in the buried concrete foundation area (A) were
then provided. In the dynamic model, the step/set phases with

various modes of structure were applied for simple and fre-
quency analyses. The model was then analyzed based on the
desired outputs (such as tension, displacements, and support

reactions) and the exerted loads. During the modeling, we con-
sidered A to be rigid and displacements in X, Y, and Z direc-
tions as well as rotation to be zero. Since geophysical

examination of the study area would clearly determine the
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soil-structure interactions and tensions applied to the struc-

ture, modeling based on such assessments would lead to more
accurate results. Fig. 2 presents the dimensions of the modeled
foundation and highlights different foundation parts including
the buried area (A), the pedestal under the main fan motor (B),

holes symmetrically created on both sides of the foundation to
fasten the bolts on the underling plate of the machine (C), the
pedestal under the fan (D), and the foundation’s loading sur-

faces (E and F).
Four different concrete modulus of elasticity (20, 25, 28,

and 30 GPa) and three modulus of reinforcement (200, 250,

and 300 GPa) were chosen to study the effects of foundation
characteristics. A major issue in numerical modeling of
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foundations is the simulation of loading type applied to the
surface of the concrete foundation.

4. Natural and load frequency

During the initial setup of centrifugal ID fans at a large power
plant, the vibrations of the rotor-bearing-foundation usually

exceed 0.05 mm at 1200 rpm. Fig. 3 compares the natural fre-
quency of the foundation obtained from the FEM with the
findings of Smith and Simmons [2]. As seen, the frequency at

a running speed of 1200 rpm was 14 Hz. Under such condi-
tions, the natural displacement of the structure and the dis-
placement caused by the ID fan vibration were 0.08 and

0.16 mm, respectively.
Therefore, a comparison between the running speed of the

fan and the natural frequency at the running speed can deter-

mine the satisfactory speed. Smith and Simmons [2] suggested
the least natural frequency as 70% of the running speed of the
fan. Further conservatism is included in the FEM by using a
lower limit value of Young’s modulus (Ec) of 20–30 GPa for

the concrete foundation. Fig. 4 shows the effects of Ec (equal
to 20, 25, 28, and 30 GPa) and modulus of elasticity of rein-
forcement (Es), equal to 200, 250, and 300 GPa, on the natural

frequencies of the foundation. Foundation modifications to
reduce vibration amplitudes were analyzed using the FEM.
In this model, the natural frequency was temporarily placed

against the right side modulus of the concrete and the left side
modulus of the reinforcement. This showed how frequency
depended on changes in the modulus of materials (e.g. concrete
and reinforcement). However, most investigated modifications

were impractical due to cost or space limitations. Meanwhile,
FEM can define the optimal combination of concrete and rein-
forcement modulus to yield optimal natural frequency and
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Figure 6 Representation of critical points of the induced draft (I

rectangular and (b) circular duct shapes at X and Y axis, respectively.
increase the safety factor. Moreover, the frequency was
increased by a factor of two and three subsequent to incre-
ments in the modulus of elasticity of concrete and reinforce-

ment, respectively.
In contrast to the resonance phenomenon, the natural fre-

quency of a foundation should have at least a 20% difference

with the running speed. Following such a relation, the intersec-
tion of the two graphs can determine the best combination of
materials and thus maximum safety.

4.1. Fatigue analysis

The repetitive nature of dynamic stress can cause fatigue. In

order to calculate fatigue, dynamic stress should be multiplied
by a fatigue factor. Since fatigue can damage the foundation of
ID fans, the fatigue limit of the foundations needs to be accu-

rately examined. The load combination associated with this
condition is determined based on S–N curves which plot stress
amplitude (S) against the number of cycles to failure (N).

These curves are built on a yearly basis considering all possible
load situations that may occur during operation and the results
are extrapolated for the lifetime of the foundation (usually
20 years). Fatigue life is defined as the number of cycles before

failure. The fatigue life of concrete subjected to cyclic stresses
may be calculated from Eq. (2):

Log10N ¼ C1

1� rmax

C5 �frd

� �

1� rmin

C5 �frd

� � ð2Þ

where frd is the compression strength for the type of failure in

question, rmax is the numerically largest compressive stress cal-
culated as the average value within each stress block, rmin is the
numerically least compressive stress calculated as the average
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Table 1 Deflection (mm) and stress (GPa) values in critical points for modulus of elasticity of reinforcement (Es) = 250 GPa and

various moduli of elasticity of concrete (Ec).

Ec (GPa) 20 25 28 30

Parameter U S Ut St U S Ut St U S Ut St U S Ut St

Point number Rectangular duct

1 5.25 7.43 5.62 8.25 4.23 6.82 6.35 8.04 3.79 5.70 5.43 7.86 3.55 6.36 6.01 7.49

2 4.75 7.53 5.23 8.54 3.82 6.95 6.19 8.12 3.42 5.95 5.85 7.85 3.19 6.25 5.65 7.52

3 4.68 6.99 6.89 7.32 3.76 6.98 5.94 7.53 3.37 7.07 6.25 7.94 3.15 6.87 5.13 7.38

4 4.74 7.74 4.59 7.94 3.81 6.88 5.76 7.99 3.41 6.81 5.38 7.81 3.17 6.61 4.44 7.64

5 5.98 7.89 7.18 8.59 4.80 6.53 6.20 8.13 4.30 6.40 5.40 7.90 4.11 6.13 4.91 7.53

6 5.55 7.61 5.63 8.32 4.77 5.60 6.15 8.05 3.97 6.19 5.85 7.95 3.99 6.20 5.15 7.35

7 3.90 7.13 8.46 7.94 3.13 6.38 7.61 8.10 3.22 6.24 7.39 7.74 2.91 7.05 6.54 7.54

8 4.48 7.36 4.78 7.84 3.48 6.74 4.97 8.18 3.10 6.95 4.54 7.93 3.02 6.95 4.32 7.27

9 4.33 7.62 6.16 8.26 2.87 5.93 5.23 7.99 2.66 6.36 5.53 7.85 3.33 6.02 5.95 7.50

10 4.40 7.58 6.80 8.38 4.05 7.20 6.15 8.10 3.33 6.83 5.33 7.83 2.48 6.22 4.48 7.72

11 5.79 6.82 8.41 7.16 4.77 7.11 6.53 8.04 4.26 7.82 6.62 7.95 3.89 6.37 6.13 7.37

12 5.94 7.31 7.33 8.02 4.40 6.35 6.35 7.95 3.94 6.91 6.18 7.83 3.73 6.60 6.02 7.33

13 5.45 7.55 6.84 8.30 0.86 6.46 5.84 7.85 0.75 6.91 5.97 7.95 3.78 6.82 5.40 7.51

14 1.12 7.70 7.26 7.95 0.90 6.01 6.68 7.94 0.81 6.81 6.82 7.87 0.72 6.26 6.14 7.42

15 5.13 6.38 7.95 7.84 4.39 6.45 7.15 7.85 3.94 6.36 6.55 7.35 0.76 7.03 6.58 7.18

Circular duct

16 5.45 7.31 4.96 6.32 2.82 6.74 5.24 5.68 2.49 5.75 5.61 5.62 3.68 5.79 4.15 4.48

17 5.52 7.54 5.22 6.15 4.68 6.76 5.36 5.67 4.18 6.78 5.39 5.48 3.91 6.14 5.86 4.83

18 5.45 6.61 6.32 5.87 2.91 7.34 5.84 5.53 2.05 6.14 6.08 5.38 4.04 5.61 5.04 4.68

19 3.88 6.83 3.25 5.81 2.14 6.43 6.15 5.46 2.18 6.22 5.85 5.29 1.91 5.59 5.42 4.75

20 5.89 6.96 5.38 6.28 4.73 6.10 5.75 5.68 4.32 6.09 5.61 5.27 2.03 6.60 6.12 4.47

21 3.61 6.63 5.99 6.03 4.69 5.58 5.64 5.05 2.62 6.58 5.29 5.07 4.03 5.96 4.83 4.51

22 4.61 7.17 4.94 6.09 3.55 5.82 5.97 4.95 2.82 5.63 6.13 4.78 2.45 5.35 6.57 4.55

23 4.62 6.51 3.22 6.25 3.47 6.34 4.83 5.19 2.96 5.75 4.81 4.92 2.84 5.50 4.14 4.33

24 4.25 6.50 3.94 6.26 3.51 7.05 4.24 4.83 2.94 6.06 4.95 5.24 2.90 5.61 4.86 5.08

25 5.26 6.73 4.39 6.33 4.24 6.57 4.89 5.05 3.80 6.89 4.84 5.17 2.83 5.61 5.50 4.70

26 1.20 6.92 4.93 6.48 4.24 6.87 4.77 5.19 0.86 6.23 5.58 5.07 3.55 5.81 5.33 4.86

27 1.02 7.41 5.84 5.62 0.96 7.23 5.63 4.83 1.22 5.42 5.33 5.24 0.80 5.90 5.47 4.58

28 1.02 6.60 5.53 6.13 0.82 6.41 5.95 5.17 1.22 6.42 5.17 4.84 0.68 5.42 4.96 4.49
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value within each stress block, and C5 is the fatigue strength
parameter. C5 should be considered equal to 1 for concrete
and equal to 12 for structures in air [22].
5. Results and discussion

The initial analysis of the FEM of the foundation revealed that
the critical points of the model needed to be further evaluated

due to their position. Moreover, concrete foundation cracks
generally appeared near the ducts (Fig. 5). Therefore, the over-
all number of selected points was about 28, i.e. 1–15 points for

rectangular ducts and 16–28 points for circular ducts (Fig. 6).

5.1. Effect of various materials and duct shapes

The model was designed under a uniform load of 60 tons for
the top surface along with a 20-ton point load which acted
on all pins as a tensile force on the one side and as a compres-

sive force on the other side. The model was defined for a com-
bination of rectangular and circular ducts at various moduli of
concrete (20–30 GPa) and reinforcement (250–350 GPa). The
stress and deflection data selected for the study were obtained

from these 28 points in the Y direction (Tables 1 and 2). The
quantities of deflection and stress of these points under static
compressive load are shown as U and S, respectively. The
corresponding quantities under static tensile load are presented
as Ut and St.

Relationships of Es and Ec with deflection and stress values
at specified points for rectangular and circular ducts are shown
in Figs. 7–9. As Fig. 7 shows, by increasing Ec at the right side

and Es at the left side, deflection will be reduced at points 5 and
10. Moreover, increasing Ec from 20 to 30 GPa reduced deflec-
tion by 40% at the compressive point (shown in blue) and by

30% at the tensile point (at the opposite side of the founda-
tion). In the view of modulus of elasticity of reinforcement
(Es), it can be concluded that increases in Es, will lead to
decreases in deflection around 10%. Apparently, lower deflec-

tion was detected at the compressive point compared to the
tensile point. At point 5, i.e. where both concrete and rein-
forcement have high modulus of elasticity, deflection at com-

pressive and tensile points did not vary as much as it did in
low modulus. Tables 2 and 3 suggest similar results about all
other points.

According to Fig. 8, increasing Ec at the right side and Es at
the left side reduced the stress at points 5 and 10, respectively.
Under compressive load, increasing Ec from 20 to 30 GPa
decreased stress by 25% (shown in blue). Under tensile load,

however, the reduction was limited to 10%. On the other hand,
elevated Es cut the stress by around 10%. Obviously, compres-
sive load caused lower stress compared to tensile load in both

Es and Ec. Nevertheless, with high values of Es and Ec, the
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stresses caused by compressive and tensile loads were not lar-

gely different. According to Fig. 9, circular ducts could only
successfully reduce stress on critical points (compared to rect-
angular ducts). However, duct shape failed to affect the deflec-

tion. A comparison between the rectangular and circular duct
shapes indicated the higher sensitivity of the circular duct to
stress.
5.2. Foundation analysis under dynamic loading

As seen in the 28 critical points of the fan foundation under
static load, differences in the levels of stress and displacement
in each direction were not substantial, especially for different

duct shapes. However, the stress and displacement values for
the fan foundation were more sensitive under dynamic load.



Table 2 Deflection (mm) and stress (GPa) values at critical points for modulus of elasticity of concrete (Ec) = 30 GPa and various

moduli of elasticity of reinforcement (Es).

Es (GPa) 250 200 300

Parameter U S Ut St U S Ut St U S Ut St

Point number Rectangular duct

1 3.55 6.36 6.01 7.49 3.47 6.80 5.29 7.05 3.01 5.72 6.23 6.38

2 3.19 6.25 5.65 7.52 3.40 6.96 5.06 7.10 2.98 5.95 5.56 6.48

3 3.15 6.87 5.13 7.38 3.26 6.88 6.24 6.92 3.04 5.76 6.11 6.33

4 3.17 6.61 4.44 7.64 3.38 6.71 5.36 7.19 2.98 5.81 5.87 6.54

5 4.11 6.13 4.91 7.53 4.23 7.33 5.83 6.93 3.80 6.03 4.10 6.43

6 3.99 6.20 5.15 7.35 3.54 7.21 5.89 7.04 3.78 6.18 6.14 6.54

7 2.91 7.05 6.54 7.54 2.82 7.06 6.31 7.02 2.61 6.04 6.62 6.32

8 3.02 6.95 4.32 7.27 2.95 6.97 5.31 7.58 3.10 5.93 5.18 6.59

9 3.33 6.02 5.95 7.50 3.10 6.96 5.83 7.76 2.99 6.01 5.21 6.92

10 2.48 6.22 4.48 7.72 2.60 6.85 6.20 7.95 2.28 6.11 5.18 7.08

11 3.89 6.37 6.13 7.37 4.10 7.48 6.18 7.65 3.68 6.16 6.28 6.92

12 3.73 6.60 6.02 7.33 3.99 7.05 6.51 7.84 3.57 6.18 6.52 6.63

13 3.78 6.82 5.40 7.51 3.70 6.85 5.13 7.92 3.36 5.79 5.42 7.09

14 0.72 6.26 6.14 7.42 0.83 7.46 6.23 7.75 0.61 6.45 5.83 7.15

15 0.76 7.03 6.58 7.18 0.92 6.75 5.93 7.89 0.65 5.74 6.23 6.92

Circular duct

16 3.68 5.79 4.15 4.48 3.70 6.83 5.95 5.37 3.66 5.76 5.15 4.93

17 3.91 6.14 5.86 4.83 3.96 6.48 5.20 5.32 2.35 6.34 5.84 4.72

18 4.04 5.61 5.04 4.68 3.91 6.30 6.01 5.17 3.90 6.26 5.37 4.72

19 1.91 5.59 5.42 4.75 2.23 6.22 6.19 5.28 1.91 5.68 6.82 4.57

20 2.03 6.60 6.12 4.47 2.03 6.64 5.14 5.78 2.03 5.58 6.28 4.53

21 4.03 5.96 4.83 4.51 3.64 6.01 6.13 5.27 3.94 6.00 6.06 4.56

22 2.45 5.35 6.57 4.55 2.45 6.64 6.35 5.64 2.41 5.84 5.48 4.34

23 2.84 5.50 4.14 4.33 2.64 6.72 5.15 5.30 2.96 6.80 5.92 4.42

24 2.90 5.61 4.86 5.08 2.91 6.47 4.99 5.65 2.89 6.54 4.89 4.57

25 2.83 5.61 5.50 4.70 2.85 6.36 5.24 5.52 2.84 6.87 5.15 4.68

26 3.55 5.81 5.33 4.86 3.57 6.84 5.20 5.63 3.53 6.78 5.51 4.53

27 0.80 5.90 5.47 4.58 0.80 6.74 6.13 5.55 0.80 6.23 6.28 4.42

28 0.68 5.42 4.96 4.49 0.68 6.42 6.08 5.35 1.15 6.03 6.32 4.59
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The dynamic FEM was under cyclic load and various fan
speeds. The model was analyzed for two types of duct shape

as well as Es and Ec.
Fig. 10 shows the effects of material characteristics and fan

speed on deflection. A total of 12 FEMs were obtained to ana-

lyze this figure. The results revealed the sensitivity of the eval-
uated points to not only Es and Ec, but also fan speed.
Nevertheless, the figure only depicts one speed out of five

speeds (400 rpm) and one point out of 28 points.
At 400 rpm, the deflection at point of 5 considerably

reduced as Ec increased. Hence, using high-strength concrete
would decrease deflection by 50%. Likewise, increasing Es

from 200 to 300 GPa led to significant reductions in deflection.
Apparently, the optimal combination of Ec and Es to minimize
deflection would be the intersection of the plots, e.g.

Es = 300 GPa and Ec = 28 GPa had better deflection com-
pared to Es = 300 GPa and Ec = 30 GPa. These points can
be useful in cutting construction costs and providing practical

foundation designs.
Table 3 summarizes the FEM combinations for various fan

speeds (400–1800 rpm) at Ec = 25 GPa and Es = 200 GPa.
The table also presents the quantity of displacement (U) and

stress (S) for rectangular and circular ducts. As seen, lower
fan speeds (e.g. 400 rpm) were associated with low stress and
deflection. However, increasing the speed from 400 to

1800 rpm, stress and deflection increased by about 100% and
600%, respectively.
Obviously, the sensitivity of deflection to fan speed was
much higher than that of stress. On the other hand, the stress

and displacement caused by the dynamic load were respec-
tively 2.5 and 10 times greater than the values observed in
the static analysis. This highlights the importance of dynamic

analysis in the design of similar structures [23]. In addition,
in both static and dynamic analyses, the stress values (9 and
18 GPa, respectively) were within the yield stress range. The

approximate levels of deflection and stress in all 15 points of
the model with rectangular ducts increased by respectively
5–8 times and 2.5 times following changes in loading and using
dynamic analysis instead of static analysis. Sayer [11] reported

that dynamic emergency loads could be caused by increased
imbalance such as cases of blade damage or rotor bending.
As a simplification, the emergency imbalance might be

assumed to be six times the imbalance during normal opera-
tion. Some studies analyzed the dynamic response of founda-
tions subjected to machine-type loadings. The results

confirmed the necessity of such analytical works to improve
the present knowledge and understanding of dynamic behavior
of these structures [24,25].

5.3. Strength analysis and fatigue-related lifetime

Previous research has failed to specify the exact reason for
cracks in ID fan foundations. Meanwhile, taking fatigue into

account may facilitate the understanding of the involved



Table 3 Deflection (mm) and stress (GPa) values in critical points for various speeds (rpm) and modulus of elasticity of concrete (Ec)

and reinforcement (Es) of respectively 25 and 200 GPa.

Speed (rpm) 400 800 1200 1500 1800

Parameter U S U S U S U S U S

Point number Rectangular duct

1 13.28 8.16 17.25 9.78 28.14 13.16 43.18 16.08 31.81 16.23

2 13.94 8.10 19.67 9.74 29.57 13.94 41.57 16.01 41.12 16.48

3 14.01 8.07 16.82 9.62 28.83 14.10 41.62 15.97 42.17 15.97

4 13.11 8.22 18.87 9.61 28.43 13.85 46.55 15.53 47.59 15.78

5 14.36 8.26 23.69 9.74 31.22 14.60 49.03 15.63 58.15 16.57

6 13.84 8.17 19.37 9.54 27.45 13.99 42.81 16.20 48.96 16.24

7 14.52 8.20 18.95 9.53 29.68 14.02 48.16 15.18 35.68 16.00

8 14.67 8.37 19.91 9.45 31.87 13.23 46.75 16.28 48.76 15.99

9 14.09 8.33 21.58 9.48 30.15 15.65 37.46 16.00 51.47 16.11

10 13.61 8.49 22.45 9.36 29.59 14.03 46.47 16.36 55.11 16.90

11 13.52 8.24 19.83 9.24 29.93 14.18 43.81 15.90 39.27 15.78

12 12.08 8.14 20.19 9.35 19.75 13.88 35.15 15.92 39.86 16.42

13 13.64 8.03 18.32 9.35 27.24 13.98 47.86 16.19 45.16 15.95

14 13.83 8.31 22.68 9.31 28.51 14.67 44.56 15.47 44.81 15.54

15 14.19 8.23 21.45 9.34 31.03 13.75 42.57 15.99 46.95 16.52

Circular duct

16 13.84 6.58 19.32 7.15 29.73 10.31 39.54 10.84 37.55 14.00

17 14.34 6.49 19.08 7.12 25.61 10.96 41.89 10.35 39.14 13.36

18 14.05 6.23 19.75 7.10 28.46 10.25 40.12 11.84 45.84 13.27

19 11.95 6.48 18.53 7.02 25.16 10.99 34.82 11.90 47.71 13.04

20 13.14 6.34 19.64 7.19 27.54 11.00 39.19 10.47 40.19 14.82

21 12.08 6.12 18.95 7.05 26.55 11.03 35.08 10.68 41.07 13.95

22 8.85 6.52 13.65 7.21 18.53 11.01 25.65 12.85 35.14 14.61

23 10.32 6.41 18.47 7.16 31.18 11.25 34.75 11.80 38.84 14.83

24 9.87 6.39 16.68 7.15 29.48 10.90 42.68 11.07 40.73 14.00

25 14.02 6.37 17.42 7.01 27.35 10.98 38.57 11.29 48.27 13.99

26 11.21 6.37 15.28 7.14 24.66 11.21 39.50 11.31 45.36 14.75

27 8.84 6.43 11.64 7.33 28.21 11.21 40.27 11.03 39.51 14.00

28 11.84 6.20 17.32 7.05 27.42 10.78 33.15 10.75 40.78 13.97

Ec=20Ec=25Ec=28Ec=30

Es=200
Es=250Es=300
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20
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Figure 10 Deflection values for point 5 considering speed (rpm) = 400 and various levels of modulus of elasticity of concrete (Ec) and

reinforcement (Es).

1570 H. Eskandari et al.
mechanisms. As mentioned earlier, ID fan foundations seem to
be prone to fatigue damage and must thus be checked for fati-

gue limit. Dynamic stress is repetitive and can cause fatigue.
Fatigue can be computed based on the allowable static load
and by multiplying the dynamic stress by a fatigue factor

[26]. According to Eqs. (1) and (2) for various speeds, the
exerted point load will be compressive on the one side of the
pin and tensile on the other side (Table 4).
The calculations were performed based on the number of
loading and unloading cycles in one year. In order to deter-

mine the effects of material characteristics on foundation life-
time, 24 FEMs were analyzed.

To simplify the analysis, the main points that would affect

lifetime are given in Table 5. It can be seen that increased speed
would be associated with decreased lifetime. Moreover, consid-
ering various combinations including speed, Ec, and Es, we can



Table 4 Effects of speed (rpm) on load, modulus of elasticity of concrete (Ec), and number of cycles to failure (N) at modulus of

elasticity of reinforcement (Es) = 300 GPa.

Speed (rpm) 400 800 1200 1500 1800

Frequency (Hz) 6 10 14 16 19

Load (ton) 10 20 30 40 50

Work in a day (h) 12 12 12 12 12

Work in a year (day) 300 300 300 300 300

Number of frequency in a year (million) 77 130 185 210 250

Min–max stress (GPa) Ec = 20 GPa 3–8.25 3–12 3–16 3–18 3–18.5

Ec = 25 GPa 3–8 3–11.5 3–14 3–16 3–16.5

Ec = 28 GPa 3–7.5 3–9 3–12.5 3–13.5 3–14

Ec = 30 GPa 3–7 3-8 3–10 3–12 3–13

LogN Ec = 20 GPa 8 7 3.5 2 1.75

Ec = 25 GPa 8.25 7.5 6.25 4.5 3.5

Ec = 28 GPa 9.5 8.5 7.3 6.25 5.75

Ec = 30 GPa 9.9 9.25 9 7.5 7

Table 5 Lifetime (year) at different speeds and modulus of elasticity of concrete (Ec) and reinforcement (Es) values.

Es (GPa) 200 250 300

Ec (GPa) 20 25 28 30 20 25 28 30 20 25 28 30

Speed (rpm) 400 12 50 >50 >50 15 >50 >50 >50 20 >50 >50 >50

800 3 7.5 >50 >50 5 11 >50 >50 8.5 15 >50 >50

1200 0.5 1.5 3 50 1 2.5 7 >50 2 4 9.5 >50

1500 0.3 0.4 0.5 5 0.5 1.5 2.5 6 1 3.5 6 10

1800 0.2 0.3 0.4 3.5 0.4 0.7 1 4.5 1 2.5 4 8
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determine the optimal material characteristics and speed
to obtain greater performance, minimal construction costs,

and maximum lifetime for foundations under dynamic
load [27].

Considering various rotor speeds, it is obvious that higher

speeds will be associated with greater stress on foundation
structure. The stress–strain curve would thus shift from the lin-
ear phase to a nonlinear phase. Numerous load and unload

cycles would increase fatigue damage and shorten the period
required for the system to reach the nonlinear phase [28,29].
Therefore, compressive stress block is reduced faster and the
effects of steel mechanical properties (such as Es) on founda-

tion lifetime will be multiplied.
According to the above-mentioned facts, it can be con-

cluded that number of load–unload cycles as well as Es and

Ec may play a major role in determining the lifetime of the
structure under dynamic loads. For cycles with low frequency,
the stresses are in the elastic and elastic–plastic ranges where

the foundations’ lifetime is more dependent on Ec variations.
Afterward, by increasing the number of cycles, which in turn
add to the existing stress, lifetime will gradually become sensi-

tive to variations in Es.
Apparently, the lifetime of concrete structures can be

affected by various factors [30–34]. Considering significance
of evaluating concrete foundations exposed to loading cycles

[35–37], the present study investigated various material charac-
teristics and load types applied to ID fan foundations in
cement plants. However, further research may be needed to

verify our findings and to determine the effects of other
factors.
6. Conclusion

The lifetime of ID fan foundations in cement plants is of

utmost economic importance. The analysis, design, and imple-
mentation of this type of foundations should thus provide
maximum confidence and operational safety. Developing

FEMs for all parts, especially the foundation, of an ID fan
can lead to better performance under static and dynamic load-
ings. Such models can also determine the effects of various

material characteristics on the stresses and deflections in all
directions.

In the analyses of static and dynamic loads, deflection and
stress values in all directions, particularly in the Y axis, were

lower than the yield stress of concrete and steel. However,
due to the harmonic dynamic loading, especially for frequen-
cies between 6 and 19 Hz, fatigue might reduce the lifetime

of concrete foundations. Fatigue could also increase stress to
exceed the tolerable level. As a result, cracks would be formed
and damage would occur in critical points.

Moreover, increasing Ec from 20 to 30 GPa and Es from
200 to 300 GPa reduced stress and deflection in the Y axis
by 35% and 8%, respectively. Furthermore, circular ducts
were 15% more effective than rectangular ducts in both static

and dynamic cases.
From the FEM, for a certain ID fan, the stress and deflection

under dynamic loading are respectively 2.5 and 10 times greater

than those under static loading. Maximum displacements and
stresses used in modeling and static and dynamic analyses were
close to reality. This emphasizes the importance of dynamic

analysis of structures.
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