Journal of Engineering Sciences, Assiut University, Vol. 40, No 2, pp.383-392, March 2012

STRESS EVALUATION OF PUMPING STATION BUILDING
SUBJECTED TO MOTOR VIBRATION

Yasser El-Hakem
Associate Professor, Construction Research Institute, National Water
Research Center, Egypt.

(Received January 17, 2012 Accepted February 2, 2012)

There are many large scale pumping stations in Egypt operating under
different conditions and serving irrigation and drainage operation. These
pumping stations are subjected to mechanical and hydraulic problems
generating dynamic loads, vibrations, and stresses affecting the structure.
Safe working of these stations verifies the operation function and efficient
water management and distribution. Failure and damage occur for these
pumping stations lead to maintenance problems, environmental problems,
and water management problems, or they can lead to rising of the water
levels which may cause failure to the embankment of the canals and drains.
This research was performed to estimate the effect vibrations of typical
axial pumping station exposed to motor vibration. This effect should be
considered in the design process or in the assessment of such structures.
Dynamic tests were done using the ambient vibration technique during the
operation of the motors. Eight accelerometers were used to measure the
vibrations of the building. Finite element numerical model was developed
for the building. Three concrete core specimens were taken from the
structural elements of the building and exposed to compression tests to
adjust the properties of concrete in the FE model. The natural frequencies
were evaluated using the power spectra method for the measured data, and
modal analysis for the numerical model. The numerical model was
subjected to the real recorded signals (displacement response).

The increase in the stress due to the vibrations was calculated and
compared to the designed stress capacity of the structure specified by the
Egyptian code for loads. Also, the upper limits of vibrations of the building
were compared to the available standards. The analysis of the collected
data, the experimental results, and the results of the numerical analysis are
presented.
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1. INTRODUCTION

There are more than 1500 large-scale irrigation and drainage pumping stations in Egypt
operating under different conditions. These stations are serving irrigation and drainage
operations. These stations must work in a good condition away from sudden faults and
breakdown under controlled environmental impacts.

Experience dealing with vibration of pumps shows that the most common
problems are due to wrong installation and operation resulting in excessive vibration
levels on the motor and the pump impellers (Smith, etal [1]). Vibration analysis of
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large capacity pumps suggested that greater care is required in designing the
foundation supports and its proper fixing be ensured (Awasthi, et al [2]). Sugiyama, et
al [3] performed vibration analysis for pump station using dynamic tests and FE model
to investigate the frequencies and the vibration limits. A. Rahmann, et al [4] performed
dynamic tests for pump motors to investigate the problems leads to the increase of
vibrations.

Most vibration problems can be classified into: structural fracture caused by
fatigue, and dynamic overload. The effect of these vibrations on the structural elements
is usually neglected or under estimated during the design or the assessment of such
structures. This research takes into consideration the internal forces induced in the
structural elements due to dynamic loads (vibrations) to be considered during the
design or the assessment of pumping station building.

This research was performed on a typical pumping station called El-Shabab-1
in New Salehia in Egypt. Figure 1, shows photos for pumping station building from
inside and outside. This station contains six axial pumps working under normal
conditions. The motors of the pumps are fixed upon the slab of the ground floor
ceiling.

01/01/2008

b) Pumping station building from outside
Fig. 1 Pumping station building.

This station as most of similar structures is exposed to bad environmental
condition such as polluted water, moisture, drying and wetting cycles,...etc.
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2. PROCEDURS OF TESTING

Eight accelerometers were attached to the motor, the bearing slab under the motor and
the columns of the R.C frames at the level of the slab of the ground floor ceiling and at
3m higher than the slab level as shown in Fig 2. The accelerometers transfer these
signals to a data acquisition system (shown in Fig. 3). This system controls the
measuring process and converts the analog signals to digital ones. Also, the data is
stored on a laptop computer for further analysis. The direction which was considered in
the analysis is the direction parallel to the water flow direction.
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Fig. 2 Locations of the Accelerometers

Fig. 3 Data acquisition system used to collect the dynamic test data

2.1 ANALYSIS OF THE DATA

The collected data were processed and filtered for each record. The power spectral
method was used for frequencies determination.
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The records were collected from all channels. One of them is presented in Fig.
(4) for channel #3 which is connected to accelerometers located on the concrete slab
in nearest position to the motor. The acceleration time histories were exposed to double
integration mathematical process to obtain the displacement responses.

T
...... Fommemabammamn
[
[
[

" W Sl ki ; *ml
[]1 IHI. I“ ”llll ‘ 1'm ! '. ||||||..

'
T--T

Acceleration [mfsec?]

!
| |
| |
....... PR N —
|
|
1

56 T

ra g -

1

misec
_(:
oy

—

ocity [c

Wizl
=
FE

Displacement [cm]

Time [sec]

Fig. 4 Acceleration, Velocity, and Displacement Time History

The records were averaged for each channel. The powered spectra curves are
constructed for each channel. Figure 5 and Fig. 6 show the powered spectra curves for
the accelerometers attached to the building and the motor, respectively. Using the
power spectral magnitude, the natural frequencies can be determined. The frequencies
in these figures are plotted on a logarithmic scale.



STRESS EVALUATION OF PUMPING STATION BUILDING ... 27

o0a BEEEE
L

z

Paower Amplitude [mis ]

0.06 F------mmmmm oo R
008
) i
0.03 T S
0.02]
0.01]

10 20 304060
Frequency [Hz]

Fig. 5 Average Power Spectra of the Building
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Fig. 6 Average Power Spectra of the motor

The frequency of the motors specified by the motor manufacturer was 985
rev./min (17 Hz) which was close to that obtained from measurements as shown in Fig.
6 (frequency of the first peak=18.31Hz) considering that the motor is attached to the
concrete slab.

3. FINITE ELEMENT MODEL

Numerical finite element model was developed for pumping station building using Sap
2000 Program as shown in Fig. 7(a). The beams and the columns were modeled using
frame elements where the pier was modeled using shell elements. The supports were
modeled as hinged supports. The masses were calculated from the own weights of the
actual cross section of the elements and the live load including the motors and
equipments weight.
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The model was exposed to the measured records (displacement response) at
the motor location which was considered as the excitation of the of the dynamic load.
Non-linear dynamic analyses were performed to obtain the internal forces induced in
the structural elements of the building. Figure 7(b) shows the FE model and the first
mode shape of the building with frequency = 0.79 Hz.

(@) (b
Fig. 7 Finite Element numerical model and 1% mode shape

To adjust the material properties in FE model, three concrete core compression
test specimens were taken from beams and columns of the building as shown in Fig. 8.
The results of the compression tests are shown in table 1. The average result for the
concrete strength was about 99.7 Kg/cm’.

Table 1: Compression Test Results

Element Strength [Kg/cm’]
Beam 110
Beam 90
Column 99
Average 99.7

The stress and the internal forces obtained from the numerical analysis are presented

in section 4.
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Fig. 8 Compression test specimens taken from structural elements.

3.1 Calibration of the FE model

To calibrate the FE model, the frequency of the first mode shape was obtained from the
model. It was 0.79 Hz which is close to the first frequency (0.73 Hz) obtained from the
power spectral of the building shown in Fig. 5. Also, the maximum displacement
obtained from double integration of the measured acceleration response for the first
story (at the location of the accelerometer attached to the external column) was
2.65mm which matches with that obtained from the FE model (2.77mm).

3.2 Dynamic load due to earthquakes

Most of engineers design such structure to resist the seismic loads specified by codes
and neglect the dynamic loads due to the vibration of the motors. To investigate the
differences between the effect of these two dynamic loads, the seismic loads specified
by the Egyptian code for loads [5] were calculated. These loads were used to calculate
the internal forces in the structural elements required for seismic design. Response
spectrum dynamic analysis method was used to perform the seismic analysis. The
ground acceleration used for the analysis of this structure was 0.02g (where; g is the
gravitational acceleration) when calculated according to the Egyptian code for seismic
loads [5] regarding that this code deals with ordinary structures and does not include
such type of structures.

4. RESULTS

Figure 9 shows the envelope of the maximum bending moment diagrams induced in
column: A, B, C, D, and E obtained from seismic analysis and from the measured
response of vibrations.
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Fig. 9 Max. bending moment in columns obtained from: a) seismic load,and b)
vibration

To estimate the vibration loads, a concentrated load=36.53t, which is
equivalent to about 4 times the motor weight (without the weight of the pipes and other
accessories attached to the motor), was applied at the motor location. The results of the
Maximum moments induced in the columns of the building (at section above the
support) obtained from the seismic load case, vibration, and the concentrated load are
shown in Table 2.

Table 9 Maximum moments induced in the columns [m.t]

Column Seismic load Vibration Concentrated
load
A 0.95 9.32 9.31
B 0.55 4.97 4.93
C 0.53 4.80 476
D 2.07 19.58 19.81
E 1.68 15.22 15.22
Average 1.16 10.78 10.81

By comparing the moments obtained from the two cases, it was found that the
average moments obtained from the vibration case were higher than that obtained from
the case of seismic design by about 9.3 times. This means that the seismic design
according to [5] is not enough to take the effect of vibrations into consideration.
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Also, it was found that moments obtained from a horizontal load about 4 times
the motor weight acting at the motor location were approximately equal to the
moments obtained from the vibrations at column fixations.

The maximum velocity obtained from measurements was about 10mm/s at the
building in the nearest location to the motor which is considered safe vibrations
according to the Egyptian standards [6]. The maximum stress induced in the columns
calculated due to dead loads, live loads, and vibration was 89.82 Kg/cm?. This stress
level was high compared to the strength of concrete obtained from the compression test
results (average strength=99.7 Kg/cm®) which means that the factor of safety is small
(equals to 1.11).

In this pump station building, the motors were rested on the ground story
ceiling which causes higher vibration effect than the case of motors rested directly on
foundations or ground level.

5. CONCLUSIONS

1. The natural frequencies are almost the same for FE model and the measured
response. This means that the dynamic testing using the ambient vibration
technique is suitable and reliable for such types of structures.

2. Vibrations cause high internal forces induced in the structural elements for such
type of pumping station building where the motors are fixed on the slab of the
ground story ceiling.

3. Earthquake resistant design according to the Egyptian code is not adequate to take
the effect of vibrations into consideration.

4. The effect of vibration on the internal forces was approximately equivalent to a
horizontal load about 4 times the motor weight (without the weight of the pipes
and other accessories attached to the motor) acting at the motor location.

5. The maximum velocity obtained from measurements was safe according to the
Egyptian standards but the stress level due to vibrations was high considering that
the motors were rested on the ground story ceiling which causes higher vibration
effect than that rested directly on foundations or ground level.

6. It is recommended to make base isolation for the motors to reduce the vibration of
the structure which leads to the conservation of structure.
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