










  

PREFACE 
 

This comprehensive report deals with Seismic re-evaluation of Heavy water plant, Kota. 
Heavy Water Plant (HWP) at Kota is based on bi-thermal H2O-H2S exchange process. The 
exchange unit is arranged in three stage cascade. The first stage handling large quantities of process 
water and H2S gas consists of three pairs of cold and hot towers. The second stage and third stage 
each consists of one pair of cold and hot towers. The de-mineralised water enters the top of first 
stage of cold tower and travels down while hydrogen sulphide gas entering at the bottom of the 
tower meets the water in counter current way on tower internals and the exchange of deuterium 
takes place. In the cold tower, the water gets enriched with respect to deuterium while the gas gets 
depleted in deuterium concentration. In the hot tower, the reverse reaction takes place i.e. the gas 
gets enriched instead of liquid. By proper liquid and gas flow rates with gas in closed circuit in a 
pair of towers, a small quantity of enriched liquid can be withdrawn from the bottom of the cold 
tower as a net product. This is further enriched in a similar way in second and third stages. The 
enriched water from 3rd stage is stripped off its H2S in a product stripper and fed to the distillation 
unit for further enrichment upto nuclear grade. 
   The H2S is very toxic, corrosive and hazardous in nature and the plant has a dynamic hold 
up of 200 tons of H2S and therefore, extreme care has been taken in the design of the plant, 
selection of materials and in adhering to stringent fabrication procedures and codes. 
   HWP, Kota was commissioned in the year 1985. It has been designed for 20 years of 
service and will be completing its design life by April, 2005. During the original design stage as per 
IS-1893-1966, seismic coefficient for zone-I was zero and therefore, earthquake and its affects 
were not considered. As per   IS 1893 (1984), the seismic coefficient is increased to 0.01g. Hence, 
Seismic re-evaluation is recommended to meet the current design requirements. However, the wind 
load has been considered for the design of tall towers as per IS-875 part-3. As mentioned earlier, 
HWP handles hazardous gas and failure of towers, piping system etc. can result in release of H2S to 
the environment. Since nuclear power plants RAPS 1,2,3 & 4 are in the vicinity, H2S release may 
affect safety of nuclear stations. Therefore seismic risk of Rawatbhata site was evaluated and 
seismic coefficient of 0.03g which is higher than IS code was recommended for the seismic re-
evaluation of Heavy Water Plant, Kota. 
        The objective of the present work is to carry out the Seismic Re-evaluation of the important 
structures of Heavy water plant, Kota which handles considerable amount of H2S gas.  Seismic re-
evaluation of various structures of Heavy water plant, Kota are compiled together in this report. 
The structures considered for re-evaluation are a Flare Stack tower, Dump tanks and its supporting 
structures, Process tanks and its supporting structures, RX Heat Exchangers and its supporting 
structures , H2S storage tanks and the partition walls and the Main pipe racks. All the above 
structures are analysed for the dead load, equipment load as well as for the earthquake load. The 
structures are qualified for RAPP 3 and 4 ground motion with 0.03g peak ground acceleration with 
a safe margin of 1.6 to 4.   
 
 
 
 
 



  

 
Abstract 

 
This report deals with Seismic re-evaluation of Heavy water plant, Kota.  Heavy water 

Plant, Kota handles considerable amount of H2S gas, which is very toxic. During the original 

design stage as per IS 1893-1966 seismic coefficient for zone-I was zero. Therefore earthquake 

and its effects were not considered while designing the Heavy Water Plant structures. However as 

per IS 1893 (1984) the seismic coefficient for zone-I is 0.01g.  Hence seismic re-evaluation of 

various structures of the heavy water plant is carried out. 

   Analysis of the  Heavy Water Plant structures was carried out for self weight, equipment 

load and earthquake load. Pressure loading was also considered in case of H2S storage tanks. Soil 

structure interaction effect was considered in the analysis.  The combined stresses in the structures 

due to earthquake and dead load were checked with the allowable stresses. 
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1.  INTRODUCTION   : 
                            
       Heavy Water Plant (HWP) at Kota  is based on  H2O-H2S bithermal isotopic exchange 
process. Deuterium is extracted from water upto 15% in exchange unit followed by further 
enrichment to 99.8% in distillation unit. The plant also has other auxiliary units such as nitrogen 
generation and storage plant ,water treatment plant ,LPG system, steam plant, vent and flare 
system etc. . 
       The plant handles a large inventory of  200 tonnes of H2S  gas in process and 50 tonnes of 
H2S  gas as storage . The H2S gas is very toxic, corrosive and hazardous and hence all safety 
aspects have been considered while designing ,fabricating and operating the plant. One of the 
safety feature in operation of the plant is the flaring facility which has been provided by means of 
flare stack to let out the H2S gas to the atmosphere . In normal running of the plant a small 
quantity of H2S has to be sent through the flare system ,but in the case of emergency such as 
failure of a pipe carrying H2S large quantity of H2S may have to be let out through the flare stack. 
The gas let out of the stack is burnt in atmosphere to form SO2 gas . Therefore two pipes one of 
H2S gas and the other of L.P gas are laid side by side. The stack and its supporting structure is of 
very large height of 116 m. Such a large height is provided in order to reduce the air pollution . 
       This tower has been designed taking into consideration the wind load . But during the original 
design stage as per IS 1893-1966 seismic coefficient for zone-I was zero and as per IS 1893-1984  
seismic coefficient for zone-I is 0.01.Therefore earthquake and its effects were not considered 
while designing the tower. However, Heavy Water Plant , Kota is located close to the RAPP 1 &2  
and RAPP 3 &4  units . Any failure in H2S handling system of HWP Kota will affect these 
nuclear facilities and public near to the plant . Hence it is found necessary to do the seismic 
qualification of such a tower of large height which handles toxic H2S gas. In this report , the 
seismic re-evaluation of the flare  stack and its supporting structure  is presented.  
 
2.0 GROUND MOTION 
 
       Reactor Safety Division, BARC has performed studies [1] on seismic risk at Rawatbhata site. 
It can be concluded from above study that twenty earthquake events are found to have occurred 
within 300 Km of the site during last 230 years. However, magnitude of only  sixteen events has 
been recorded.  The maximum acceleration felt at the site is 0.028g which corresponds  to a 5.5 
magnitude earthquake at 147 Km from the site. 

However, Heavy Water Plant (HWP), Kota is handling hazardous H2S  gas. For such 
chemical plants, latest applicable code for seismic design is IS:1893-1984 [2]. Based on this code, 
Kota site lies in seismic zone-1 and the peak ground acceleration to be considered for the design is 
0.01g. Any failure in the H2S handling system of HWP, Kota will affect the other nuclear facilities 
like RAPS 1 & 2 and  RAPP 3 & 4 and public near to the plant. Considering the above it may be 
appropriate to perform seismic re-evaluation of HWP,  Kota with a ground motion having 0.03g 
peak  ground acceleration and the spectrum shape same as that of RAPP 3 & 4 as shown in Fig. 1. 
This acceleration is 3 times higher than that of IS:1893-1984 and is  marginally higher than the 
maximum felt acceleration at the site so far ( viz., 0.028g ) [1]. The mean recurrence interval of 
this level of earthquake is more than 500 years [1]. 
     Based on the above studies a peak ground acceleration of 0.03g alongwith the RAPP 3 & 4  
design ground motion spectra is proposed to be considered as the review basis ground motion. 
The ground motion proposed will have about 95% probability [1] of non-exceedence in a span of 
50 years. This is generally an acceptable [3] level of acceleration for re-evaluation.  
 
3.0 FINITE ELEMENT MODEL OF THE STRUCTURE  : 



  

                   The tower consists of rolled steel  members having sections of  different shapes and 
sizes. Mainly ,the sections used are rolled steel angle sections, ISMB sections and ISMC sections. 
The finite element model is made using COSMOS-M. There are in all 2437 elements and 1126 
nodes in the structure. The finite element model of the tower is shown in Fig. 3. All the elements 
of the tower are modelled as BEAM3D elements. The pipes are considered as BEAM3D elements 
of hollow circular cross-section. The pipes have guides at different elevations. These guides makes 
the pipe move along with the supporting structure in horizontal X and Y directions but allows  its 
free movement in the vertical direction. Therefore the pipes have coupled degrees of freedom  
with the tower in horizontal X and Y directions but not in the vertical direction. 
       The model of the stack and its supporting structure is taken exactly same as the actual 
structure except few idealisations. While modeling the tower in 3-D space the following 
assumptions have been made: 
1) The  stiffness and mass effects  of the ladder provided for the maintenance purposes has been 
neglected. 
2)The  tower has a mesh of elements in horizontal span at different elevations (i.e. 6m,14m,  
...115.7m) from ground level. At each of these elevation levels, small members of section 
50×50×6 mm provided in between two channel sections in cross fashion [3]. The stiffness and the 
mass  of these members are very small compared to the channel sections and are thus  neglected. 
       The properties of the rolled steel sections used for the analysis are: 
Young’s Modulus of elasticity  = 210000 N/mm2 
Mass density = 7850 Kg/m3 
Poisson’s ratio =0.3 
      The damping  considered is 2% of critical  for the analysis . The analysis is also carried out 
using the recommended value of damping for seismic re-evaluation  as 15% of critical  [1] . 
 
4.0 SOIL-STRUCTURE INTERACTION   
          
       The HWP, Kota  is located near the RAPP units, and therefore the soil data required for the 
soil structure interaction studies will be  the same as that of RAPP site. The soil strata of the site is 
rocky [4] and the calculations for soil spring constants, evaluated are given in Appendix.1. The 
free vibration analysis of the structure is  done considering the soil springs at the four isolated 
footings located at the base . Frequencies of the structure obtained by considering the soil structure 
interaction are compared with those obtained by considering fixed base analysis as shown in table 
.1. It is observed that  both the frequencies are almost same. Therefore, the static and dynamic 
analysis of the structure is carried out considering fixed base. 
 
5.0 DEAD LOAD ANALYSIS 
 
       The self weight analysis is performed using COSMOS-M. The structure is subjected to a  
acceleration due to gravity of 9.8 m/s2 and then a static analysis is carried out. The values of the 
stresses obtained from the analysis are tabulated in table.3. The total mass of the structure is 11.49 
Kg-sec2/mm. 
  
6.0 EARTHQUAKE LOAD ANALYSIS  
 
     The free vibration frequency analysis and also the dynamic analysis is carried out using 
COSMOS-M. The fundamental frequency of vibration of the structure is found to be 0.88 Hz. A 
gross check on the fundamental frequency obtained by using the software is made with hand 
calculations (Appendix.2.). The calculated frequencies and participation factors are shown in table 



  

.2. The mode shapes having considerable mass participation are shown in figure 4. to figure 11. It 
is observed that the mode shape for mode numbers 9,11,12 and 13 as shown in figures. 8,9,10 and 
11 respectively is the third bending mode of the structure. In this mode, a local vibration mode in 
the members at elevation 6m to 14m. is also exhibited. 
             The tower structure supports flare stack which can be considered as a pipe for which 
damping value used in design according to RG 1.61 is 2%. For the steel structure as per NUREG 
CR.0098 the damping used for seismic re-evaluation is 15%. Therefore,  response spectrum 
method is used for the seismic analysis of the structure using the spectra for a minimum damping 
of 2% and also for a maximum damping of 15%. The response spectrum data of RAPP 3&4 
ground motion is available for 2%,5%,7% and 10% damping values only [4]. Therefore in order to 
obtain the spectra for 15% damping using spectra for two adjacent damping values the following 
formula is used [10].  
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where λ1 and λ2 are adjacent damping values and λ  is the damping value at which spectra is to be 
generated. The formula given above is obtained by a linear interpolation between spectral 
amplitude and natural logarithm of damping. The formula is given in ASCE (4-86) for a  
intermediate damping value and is modified to give spectrum values for an extrapolated damping 
value. The spectral values for 15 % damping are thus obtained using the values for 7% damping 
and 10% damping. The plot of response spectra for 7%,10% and 15% damping is shown in figure 
2. 
          The earthquake excitations are given in three directions ,two horizontal and one vertical. 
The peak ground acceleration considered for horizontal direction is 0.03g while that considered for 
vertical direction is 2/3rd of peak ground horizontal acceleration. The responses due to the three 
directional excitations are combined using 10% SRSS method. Initially analysis was performed 
for 150 modes. This covered frequencies upto 13.9 Hz. In the later stage number of modes have 
been increased to cover frequencies upto 33 Hz.  in two steps. In the first step  the number of 
modes were increased from 151 to 290 and in the second step they were further increased to 330. 
The increase in response due to modes from 151-330  covering frequencies from 14.02 Hz to 33 
Hz  is less than 10% as shown in tables 3(a) and 3(b). The total mass participation from all the 330 
modes is 96.5%  horizontal X and Y directions and 83.5% participation in  vertical direction. The 
code,  ASCE (4-86 )states that the mass participation of  the modes included in the analysis must 
be more than 90%. Alternatively, it states that the number of modes included in the analysis shall 
be sufficient to ensure that inclusion of remaining modes does not result in more than 10% 
increase in the total responses of interest. Thus, first 150 modes included in the analysis are  
considered to be adequate.      
     However as per USNRC, IEEE and ASCE (4-86) equivalent static analysis can be performed 
for simple cantilever structures. Therefore, equivalent  static analysis is done by analyzing the 
structure subjected to 1.5 times the  peak  response  spectral  acceleration (i.e. 4.6 × 0.03g)  in 
horizontal  direction  and 2/3 rd  of  its value in vertical direction. 
      It is observed from  Table 3., that dynamic stresses in some elements like 91,97, 159, 184, 180, 
174 etc. exceed the stresses obtained by equivalent static analysis. These elements are identified as 
the members participating in the  local modes. It can be observed from figures 8-11 that for the 
frequencies of the structure close to 3.9 Hz., there is coupling of the local modes with the global 
third bending mode of the structure. The combined displacements obtained from dynamic analysis 
for the five members of local mode when the structure is vibrating in the third bending global 



  

mode are shown in Table 4. The comparison between the values of RMS displacements obtained 
by dynamic analysis and the values of displacements obtained by equivalent static analysis , for 
these members is shown in table 5. It can be observed from Table 4 that for elements 91 & 97 the 
Y direction displacements due to Y-direction motion are very large and for elements 159,184 and 
180, the Z-direction displacements due to Y- direction motion of the structure  are very large. This 
is due to the fact that the third bending mode of the structure appears in five different modes i.e. 
mode number 9, 11, 12, 13, 14 having frequencies 3.8076, 3.8656, 3.9200, 3.9454, 3.953 
respectively. The ninth, eleventh, thirteenth, fourteenth modes have considerable mass 
participation in Y- direction  while the twelfth mode has more mass participation in X- direction. 
It is also observed from figure 1 that  corresponding to the frequency of 3.9 Hz. the acceleration 
value is equal to that of peak of response spectrum. Moreover the mode shapes of  9th,11th,12th , 
and 13th  mode as shown in figures 8-11 show that the  modal displacements of elements 91,97 etc 
are more in Y-direction and those of elements159,184,180,174 etc. are more in Z-direction. Thus 
all these factors lead to the result that the response of these elements obtained from dynamic 
analysis is much more than that from equivalent static analysis. 
 
7.0  STRESS CHECK                 

 
   The stresses due to dead weight and earthquake analysis for members of the supporting 

structure are tabulated in table 3.  
 
7.1 Combination of Stresses: 
 

  The stresses due to dead weight and earthquake load are combined and the combined stresses 
are checked with the allowable stresses. The comparison of combined stresses for critical members 
is also shown in table 3.   

 
7.2 Permissible Stresses:  

         For  seismic re-evaluation of the structure according to service level D [6] stress limit 
for the equipment is given as  2S [1]. Where S is the maximum  allowable stress limit for the 
specified material  The supporting structure, is checked as per AISC code. According to AISC [12 
], the allowable stress for axially loaded tension members is 0.6 times yield stress or 1/2 of  
ultimate tensile strength which ever is minimum. For axially loaded compression members, the 
stresses depend on the slenderness ratio of the member .The slenderness ratio of the critical 
member of the supporting structure is 35.2 for which the stress given in AISC is 13.2 Kg/mm2. For 
members subjected to bending tension and bending compression for compression flanges 
restrained against lateral buckling, the allowable stress is given as 0.66 times the yield stress. 
AISC states that the loads produced by safe shut down earthquake comes under extreme 
environmental loads for which the allowable stress shall be increased by a factor of 1.6. According 
to IS-226 (1975) [3,6] for the structural steel used in the structure (i.e. rolled steel sections of 
nominal thickness between 6mm and 20 mm), yield stress is 26 Kg/mm2  and ultimate tensile 
strength is 42 Kg/mm2. Thus the allowable stress for axial tension will be 24.96 Kg/mm2, for axial 
compression will be 21.12 Kg/mm2 and for bending will be 27.5 Kg/mm2. 
 
 
8.0 CONCLUSIONS 
  
     The following conclusions are drawn from the seismic re-evaluation of the flare stack and its 
supporting structure of heavy water plant, Kota.  



  

1.  The tower consisting of many members show number of local modes appearing at different 
frequencies. The frequencies of some of these local modes are close to the global mode of the 
structure.. Such tuning is observed in mode numbers 9,11,12,13 and 14, which show coupling 
of local and global modes.  

2.  The stresses in the members participating in the local modes are found to be more in dynamic 
response spectrum analysis than in equivalent static analysis if the frequency of the local 
mode is close to the global mode of the structure and the acceleration corresponding to this 
frequency is the peak of the response spectrum. This occurs also if the mass participation of 
this global mode is considerable. The combined stresses due to dead load and earthquake load 
(using response spectrum dynamic analysis) for the members of these local modes are found 
to be the greatest.  

3.  The combined stresses due to earthquake load and dead load are found well within 
acceptable limits where in the earthquake stresses are obtained by dynamic analysis as well 
as with equivalent static analysis.  

4.  It is observed from table 3a and 3b that the maximum dead load stresses are large compared 
to the earthquake load stresses. Hence though the earthquake load stresses are reduced 
considerably due to increase in damping from 2%(damping for design) to 15%(damping for 
seismic re-evaluation), the combined stresses due to dead load and earthquake load has not 
decreased by the same amount. The maximum combined stress considering 15% damping is 
13.45 Kg/mm2 and considering 2% damping is 17.41 Kg/mm2.  Thus the margin available 
when 15 % damping is considered is 1.6. 

5.  From the detailed study presented in this report,  it can be said that the flare stack   and its 
supporting structure  is safe  for RAPP 3&4 ground motion with 0.03g ZPA. 



  

0 10 20 30 40 

0 

1 

2 

3 

4 

5 
0 10 20 30 40 

0 

1 

2 

3 

4 

5 

Fig.1 Comparison of RAPP 3&4 spectra and IS 1893 spectra for 2% 
damping 
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Note: The data for IS 1893-1984 spectra has been obtained from the plot given in IS 1893-
1984. The plot is not very clear between the frequency range 10 Hz to 33 Hz. Within the 
frequency of 10 Hz and 33 Hz the variation of acceleration is considered to be linear. 
Therefore  IS 1893-1984 spectra has  values of acceleration greater than RAPP 3&4 ground 
spectra for frequencies in between  10Hz to 33 Hz. 
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Fig. 3  FEM Model of  a Flare stack 

Fig. 4  Mode shape of the  Flare Stack Tower  in 
X Direction (Frequency = 0.88 Hz) 

Fig. 5  Mode shape of the Flare Stack Tower  in Y 
Direction (Frequency = 0.88 Hz) 



  

Fig. 6  Mode shape of the  Flare Stack Tower in X 
Direction (Frequency =1.18 Hz) 

Fig. 7  Mode shape of the Flare Stack Tower  in Y 
Direction (Frequency =1.18 Hz) 

Fig.8 Mode shape of the tower  (frequency=3.81 Hz, 
mass participation=5.5 %) 

Fig.9 Mode shape of the tower  (frequency=3.861 Hz, 
mass participation=4.64 %) 



  

 

Fig.10 Mode shape of the tower  (frequency=3.94 Hz, 
mass participation=6.5 %) 

Fig.11 Mode shape of the tower  (frequency=3.95 Hz, 
mass participation=1.2 %) 

Fig. 12 Plan view of first three levels of the tower 

Level 1 Level 2 

Level 3 



  

TABLE 1 COMPARISON OF FREQUENCIES OF FLARE STACK TOWER WITH FIXED BASE AND 
WITH  SOIL  SPRINGS 

.  
  FREQUENCY 

   NUMBER 
FREQUENCY * 

(Hz) 
FREQUENCY ** 

(Hz) 
1 0.8845 0.8844 
2 0.8848 0.8847 
3 2.1799 2.1794 
4 2.1819 2.1815 
5 3.2884 3.2884 
6 3.3020 3.3020 
7 3.5828 3.5827 
8 3.5924 3.5924 
9 3.8076 3.8074 

10 3.8594 3.8593 
11 3.8656 3.8655 
12 3.9200 3.9196 

*    FREQUENCY WITH FIXED BASE 
**  FREQUENCY WITH SOIL SPRING 

 
TABLE 2   FREQUENCIES AND MASS PARTICIPATION  OF FLARE STACK  TOWER   

                                        
Predominant 

 mode 
 Frequency 

      (Hz)    
 

Direction: X Effective 
mass  Participation 

Kg-sec2/mm        %age 

Direction: Y Effective 
mass Participation 

Kg-sec2/mm     %age 

Direction:  Z Effective 
mass Participation 

Kg-sec2/mm      %age 
1 (Y-dir.)     0.8845 0 0 3.12 27.15 0 0 
2  (X-dir.)    0.8847 3.13 27.22 0 0 0 0 
3 (X-dir.)    2.1799 3.37  29.33 0.06 0.52 0 0 
4 (Y-dir.)    2.1819 0.06 0.5 3.35 29.15 0 0 
9 (Y-dir.)    3.8076 0  0 0.63 5.48 0 0 
11 (Y-dir.)    3.8656 0 0 0.53 4.61 0 0 
12 (X-dir.)    3.9200 2.29 19.93 0 0 0 0 
13 (Y-dir.)    3.9454 0.01 0.09 0.75 6.53 0.01 0.09 
46 (X-dir.)    6.281 0.62 5.40 0.12 1.04 0 0 
47 (Y-dir.)    6.3131 0.11 0.96 0.70 6.09 0 0 
67 (Z-dir.)    7.6785 0 0 0 0 0.27 2.35 
72 (Z-dir.)    7.8802 0 0 0 0 0.34 2.96 
73 (Z-dir.)     8.0690 0 0 0 0 0.77 6.7 
74 (X-dir.)      8.0986 0.28 2.44 0.01 0.09 0 0 
78 (Z-dir.)     8.5256 0 0 0. 0 0.92 8.01 
79 (Z-dir.)    8.5762 0 0 0 0 0.35 3.05 
84 (Z-dir.)    8.9850 0 0 0.01 0.09 0.22 1.91 
87 (Z-dir.)    9.1569 0 0 0.01 0.09 1.24 10.79 
88 (Z-dir.)    9.1638 0 0 0.04 0.35 0.30 2.61 
182 (Z-dir.) 16.55 0 0 0 0 0.38 3.31 
114 (pipe)  11.1305 0 0 0 0 0.91 7.92 
117 (pipe) 11.1774 0 0 0 0 1.15 10.01 

200 (Z-dir.) 18.363 0 0 0 0 0.32 2.78 
271 (Z-dir.) 27.32 0 0 0 0 0.291 2.53 

Total  % Mass Participation 
in 330  modes 

96.40 % 96.5 % 
 

83.5 % 
 

 
Note : Only frequencies having mass participation greater then 1.0% of total mass have been mentioned.  

 
                                          



  

TABLE  3(a) STRESSES IN THE MEMBERS (2% damping) 
Permissible stress = 21.12 kg/mm2 
 

 ELEMENT   
 

σσel1 

(1-150 modes) 

    kg/mm2 

  σσel2 
    

kg/mm2 

  σσdl 

      kg/mm2 
(σσel1+σσdl  ) 

   
 kg/mm2 

(σσel2+σσdl )  
    

 kg/mm2 

σσel1 

(151-330modes) 

    kg/mm2 
   60 (Level-1) 1.58 1.66 12.75 14.33 14.41 0.07 
   61(Level-1) 1.54 1.92 12.31 13.85 14.23 0.07 
   75(Level-1) 1.66 1.54 12.08 13.74 13.62 0.07 
   76(Level-1) 1.66 2.47 11.71 13.37 14.18 0.07 
174 (Level-2) 6.49 1.56 10.08 16.57 11.64 0.06 
159 (Level-2) 7.35 1.87 9.88 17.23 11.75 0.05 
184 (Level-2) 7.77 1.99 9.64 17.41 11.63 0.06 
182 (Level-2) 5.13 1.52 9.02 14.15 10.54 0.05 
83(Level-1) 1.12 0.60 8.49 9.61 9.09 0.02 
54(Level-1) 1.10 1.32  8.42 9.53 9.75 0.02 
69(Level-1) 1.04 1.33 8.25 9.29 9.58 0.02 
66(Level-1) 1.06 3.02 8.15 9.20 11.16 0.02 
55(Level-1) 1.09 1.35 8.12 9.21 9.47 0.09 
62(Level-1) 0.99 0.67 8.10 9.09 8.77 0.03 
 58(Level-1) 0.74 0.97 8.07 8.81 9.03 0.03 
 73(Level-1) 0.77 0.79 8.00 8.77 8.80 0.03 

  180(Level-1) 6.63 1.07 7.94 14.56 9.00 0.02 
  67(Level-1) 1.11 1.79 7.93 9.04 9.72 0.10 
 82(Level-1) 1.11 1.85 7.88 8.99 9.73 0.09 

 285 (Level-3) 1.12 1.71 7.86 8.98 9.57 0.04 
 286 (Level-3) 1.26 1.02 7.84 9.09 8.85 0.04 
 297 (Level-3) 1.50 1.52 7.74 9.24 9.26 0.04 
 279 (Level-3) 1.19 2.04 7.73 8.92 9.78 0.04 
  63 (Level-1) 0.85 0.68 7.73 8.58 8.41 0.08 
  68  (Level-1) 1.11 1.35 7.71 8.82 9.07 0.08 
 74 (Level-1) 0.87 1.29 7.65 8.52 8.94 0.08 
153 (Level-2) 5.52 0.87 7.57 13.08 8.44 0.01 
166 (Level-2) 3.74 3.34 7.45 11.19 10.79 0.01 
172 (Level-2) 5.27 1.18 7.45 12.72 8.63 0.02 
287 (Level-3) 1.19 1.25 7.40 8.59 8.65 0.04 
275 (Level-3) 2.10 0.95 7.40 9.49 8.35 0.01 
283 (Level-3) 1.20 0.91 7.39 8.59 8.30 0.04 
169 (Level-2) 4.26 0.96 7.34 11.60 8.30 0.02 
293 (Level-3) 2.04 2.88 7.27 9.31 10.14 0.01 
158 (Level-2) 4.77 1.46 7.26 12.05 8.70 0.02 
280 (Level-3) 2.06 0.98 7.16 9.22 8.14 0.01 
290 (Level-3) 2.07 1.34 7.13 9.20 8.47 0.01 
78 (Level-1) 1.05 1.90 7.03 8.08 8.93 0.04 
2004 (Pipe) 0.22 0.72 0.85 1.07 1.57 0.08 
2005 (Pipe) 0.26 0.63 0.97 1.23 1.59 0.05 
2048 (Pipe) 0.20 0.60 0.85 1.05 1.45 0.06 

   
where, σel1=stress due to earthquake load computed using response spectrum method 
σel2 =stress due to earthquake load computed using static analysis with peak response  spectrum acceleration  
         multiplied by factor 1.5 
σdl  = stress due to self wt 
The details of the location of the elements is shown in  figure 12. 
The different levels of the tower are shown in figure 3  
                                       
 
 
 
 



  

TABLE  3 (b) STRESSES IN THE MEMBERS (15% damping) 
Permissible stress = 21.12 kg/mm2 

                                                                 
 ELEMENT   

 
      σσel1 

(1-150 modes) 

    kg/mm2 

   σσel2 
  

   kg/mm2 

 σσdl 

     
  kg/mm2 

(σσel 1 + σσdl  ) 
  

  kg/mm2 

(σσel2 + σσdl  )     
 

 kg/mm2 
   60 (Level-1)        0.64 0.70 12.75 13.39 13.45 
   61(Level-1)        0.63 0.81 12.31 12.94 13.12 
   75(Level-1)        0.67 0.65 12.08 12.75 12.73 
   76(Level-1)        0.68 1.04 11.71 12.39 12.75 
174 (Level-2)        2.58 0.65 10.08 12.66 10.73 
159 (Level-2)        2.92 0.78 9.88 12.80 10.66 
184 (Level-2)        3.10 0.84 9.64 12.74 10.48 
182 (Level-2)        2.04 0.64 9.02 11.06 9.66 
83(Level-1)        0.46 0.25 8.49 8.95 8.74 
54(Level-1)        0.45 0.55 8.42 8.87 8.97 
69(Level-1)        0.43 0.56 8.25 8.68 8.81 
66(Level-1)        0.43 1.27 8.15 8.58 9.42 
55(Level-1)        0.45 0.57 8.12 8.57 8.69 
62(Level-1)        0.41 0.28 8.10 8.51 8.38 
 58(Level-1)        0.44 0.41 8.07 8.51 8.48 
 73(Level-1)        0.41 0.33 8.00 8.41 8.33 

  180(Level-1)        2.64 0.45 7.94 10.58 8.39 
  67(Level-1)        0.45 0.75 7.93 8.38 8.68 
 82(Level-1)        0.42 0.78 7.88 8.30 8.66 

 285 (Level-3)        0.47 0.72 7.86 8.33 8.58 
 286 (Level-3)        0.52 0.43 7.84 8.36 8.27 
 297 (Level-3)        0.62 0.64 7.74 8.36 8.38 
 279 (Level-3)        0.50 0.86 7.73 8.23 8.59 
  63 (Level-1)        0.35 0.29 7.73 8.08 8.02 
  68  (Level-1)        0.41 0.57 7.71 8.12 8.28 
 74 (Level-1)        0.36 0.54 7.65 8.01 8.19 
153 (Level-2)        2.19 0.37 7.57 9.76 7.94 
166 (Level-2)        1.49 1.40 7.45 8.94 8.85 
172 (Level-2)        2.10 0.50 7.45 9.55 7.95 
287 (Level-3)        0.48 0.52 7.40 7.88 7.92 
275 (Level-3)        0.85 0.40 7.40 8.25 7.80 
283 (Level-3)        0.49 0.38 7.39 7.88 7.77 
169 (Level-2)        1.70 0.40 7.34 9.04 7.74 
293 (Level-3)        0.83 1.21 7.27 8.10 8.48 
158 (Level-2)        1.90 0.61 7.26 9.16 7.87 
280 (Level-3)        0.83 0.41 7.16 7.99 7.57 
290 (Level-3)        0.84 0.56 7.13 7.97 7.69 
2004 (Pipe)        0.09 0.30 0.85 0.94 1.15 
2005 (Pipe)        0.11 0.26 0.97 1.08 1.23 
2048 (Pipe)        0.08 0.25 0.85 0.93 1.10 

 
 where, σel1=stress due to earthquake load computed using response spectrum method 
σel2 =stress due to earthquake load computed using static analysis with peak response  spectrum 
acceleration multiplied by factor 1.5 
σdl  = stress due to self wt 
The details of the location of the elements is shown in  figure 12. 
The different levels of the tower are shown in figure 3 

 



  

Appendix- 1 
 

CALCULATIONS FOR SOIL SPRING CONSTANTS. 
                      The supporting structure of the stack is founded on isolated footings at four corners. 
The soil spring constants corresponding to isolated footings is found out from the  formulae  [10]. 
The data  required for the calculations is as given below. 
L = length of the isolated footing 
B = Width of the isolated footing. 
h = depth of the footing embedment below grade. 
γs = Weight density of soil. 
ρs = Mass density of the soil. 
Vs = Shear wave velocity in the soil. 
Gs =Shear modulus of the soil. 
ns = Poisson’s ratio of soil. 
βx = Horizontal soil spring coefficient. 
βz  = Vertical soil spring coefficient. 
βϕ =Rocking soil spring coefficient. 
ηx = Embedment coefficient for horizontal spring constant.  
    =1+0.6(1- ns)×h×(π/(B×L))0.5 = 1+0.6(1-0.15)×3.0×(π/6×6)0.5= 1.452 
ηz = Embedment coefficient for vertical spring constant. 
    =1+0.55(2- ns)×h×(π/(B×L))0.5 = 1+0.55(2-0.15)×3.0×(π/6×6)0.5= 1.902 
ηϕ = Embedment coefficient for rocking spring constant. 
     =1+1.2(1-ns)×h×(3π/(B×L3))0.25+0.2(2-ns)×[h×(3π/(B×L3))0.25]3 

        =1+1.2(1-0.15)×3×(3π/(6×63))0.25+0.2(2-0.15)×[3×(3π/(6×63))0.25]3=2.142 
Gs =Shear modulus  = ρs Vs 

2 

     = (2.55/9.81)×16002  = 6.656 × 105 t/m2 
Horizontal spring constants : 
Kx = Ky = 2(1+ns )Gs βx (B×L)1/2 ηx 
            =2(1+0.15)×6.656×105 ×1×(6×6)1/2×1.452 =13337026.6 t/m 
Vertical spring constant : 
Kz = (Gs /(1-ns )) × βz×(B×L )1/2 ηz

 

     =  (6.656 ×105 /0.85)× 2.1×(6×6)1/2×1.902=18766161.4 t/m 
Rocking  spring constant : 
Kϕ = (Gs /(1-ns )) × βϕ×(B×L2 ) ηϕ

 

     = (6.656 ×105/0.85) × 0.5×6×62×2.142 =181149695.9 t-m 
Tortional spring constant : 
Equivalent radius = R =(B×L×(B2 + L2 )/6π)1/4 

                                          =(6×6×(36+36)/6×π)1/4  =3.424 m 
Kt = 16×Gs × R3 /3 
     = 16 × 6.656×105 ×  3.42442 /3 = 142549437 t-m. 
 
 
 
 
  



  

Appendix - 2 
 

CALCULATIONS  FOR  FUNDAMENTAL FREQUENCY OF THE STRUCTURE 
The First fundamental frequency for bending of the cantilever beam  is found out from the 
formulae [8] given below : 
fb =  (λi

2 /2πl2)× (EI/µ)0.5 

Where, 
λI = 1.875 for first mode  
E = Young’s Modulus of Elasticity. 
I = Moment of Inertia of the beam about its axis of bending.  
µ= Mass per unit length of the beam 
l = Length of the beam. 
Data required for the calculation is given below: 
E=2.1 × 104 Kg/m2 
l = 115700 mm 
m = 11.491 kg/mm/s2 
When the structure is subjected to 4000 Kg force at the top , the deflection obtained at the top is 
174 mm. 
Thus Wl3/3EI = 174 ,where W=4000 Kg. 
Therefore, I= 4000×1157003/(3×2.1×104×174) = 5.633 × 1011 mm4 
fb = (1.8752 /2π×1157002) ×(2.1×104×5.633 × 1011/(11.491/115700))0.5 
    = 0.5 Hz. 
The first fundamental Frequency of the stack and its supporting structure found out from the 
computer Package COSMOS-M is 0.88 Hz. 
Note : The above calculations are done for a structure with uniform mass and stiffness . 
Since in the actual structure , mass and stiffness properties are not uniform ,the frequencies 
obtained from the calculations are on the lower side. 
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 INTRODUCTION   
                            
         Heavy Water Plant (HWP) at Kota  is based on  H2O-H2S bithermal isotopic exchange 
process. Deuterium is extracted from water upto 15% in exchange unit followed by further 
enrichment to 99.8% in distillation unit. The plant also has other auxiliary units such as nitrogen 
generation and storage plant ,water treatment plant ,LPG system, steam plant, vent and flare 
system ,dump tanks, process tanks, heat exchangers etc.  
 The exchange unit is arranged in 3 stage cascade. The first stage handling large quantities of 
process water and H2S gas, consists of three pairs of cold and hot towers. The second stage and 
third stage each consists of one pair of cold and hot towers. The demineralised water enters the top 
of first stage of cold tower and travels down while hydrogen sulphide gas entering at the bottom of 
the tower meets the water in counter current way on tower internals and the exchange of deuterium 
takes place. In the cold tower, the water gets enriched  with respect to deuterium while the gas gets 
depleted in deuterium concentration. In the hot tower, the reverse reaction takes place i.e. the gas 
gets enriched. This is further enriched in a similar way in 2nd and 3rd stages. The enriched water 
from 3rd stage is stripped off its H2S in a product stripper and fed to the distillation unit for further 
enrichment upto nuclear grade. 
     The plant handles a large inventory of  200 tonnes of H2S  gas in process and 50 tonnes of H2S  
gas as storage . The H2S gas is very toxic, corrosive and hazardous and hence all safety aspects 
have been considered while designing ,fabricating and operating the plant. In case of emergency or 
any leakage of H2S by very large amounts  in the plant, the H2S along with the process water is 
dumped into the dump tanks. There are in all 4 dump tanks . These tanks can hold a very large 
quantity of H2S dissolved in water. 
     During the original design stage as per IS 1893-1966 seismic coefficient for zone-I was zero 
and as per IS 1893-1984  seismic coefficient for zone-I is 0.01.Therefore earthquake and its effects 
were not considered while designing the dump tanks and their supporting structure. Moreover, 
Heavy Water Plant , Kota is located close to the RAPP 1 &2  and RAPP 3 &4  units . Any failure 
in H2S handling system of HWP Kota will affect these nuclear facilities and public near to the 
plant . Hence it is found necessary to do the seismic qualification of such a structure  which 
handles large quantities of toxic H2S gas . In this report , the seismic re-evaluation of the dump 
tanks  and their supporting structure  is presented.  
 
2.  GROUND MOTION :                       
 
       The seismic re-evaluation of the Dump tanks and its supporting structure  has  been  
performed considering the ground motion having 0.03 peak ground acceleration and spectrum 
shape same as that of RAPP 3 &4 [1]. This ground motion will have 95% probability of non-
exceedance in a span of 50 years. The comparison of RAPP 3&4 spectra and IS 1893 spectra for 
2% damping  is shown in Fig. 1. 
 
3.  FINITE ELEMENT MODEL OF THE STRUCTURE  : 
              
    There are in all 4 cylindrical dump tanks supported on the supporting structure. Two tanks are 
of height 11.5m and diameter 4.3 m. The third tank is of height 7.9 m and diameter 4.3 m while 
the fourth tank is of height 6.6 m and diameter 2.35 m. All the tanks are filled with H2S dissolved 
in water. The supporting structure of all the tanks is inter connected. The staircase block 
connecting the supporting structure is also considered in the  model. The supporting structure of 
the dump tanks consists of rolled steel  members having sections of  different shapes and sizes. 
Mainly ,the sections used are rolled steel angle sections, ISMB sections and ISMC sections. Hence 



  

the supporting structure of the tanks have been modeled using beam elements . The tanks can be 
modeled either using beam elements or shell elements. In order to reduce the size of the problem 
all the tanks are considered as beam elements. While modeling the tanks as beam elements the 
following assumptions have been made. 
1. The spherical portion of the tank is considered as beam elements with tapering hollow circular 

cross section. 
2. The cylindrical portion of the tank has been considered as beam element with uniform hollow 

circular cross section. 
3. The loss in weight due to assumed beam elements of the tanks is taken into account by 

increasing the density of the tank beam elements. The calculations are shown in Appendix 1.  
4.  The additional increase in mass of the tanks due to the mass of water in case of completely 

filled tank is accounted by increasing the density of the tank material. The calculations are 
shown in Appendix 1. 
  Finite element model is made using COSMOS-M. There are in all 656  elements and 432  
nodes in the structure. The finite element model of the structure is shown in Fig. 2. All the 
elements of the dump tanks and its supporting structure are modeled as BEAM3D elements. 
While modeling the supporting structure the following assumptions have been made 

1) The  stiffness and mass effects of the platform at 5.8 m height and 9.6 m height provided for 
the maintenance purposes has been neglected.  

2) The stiffness and mass effects of mild steel grill provided over the staircase beams for 
maintenance purposes is neglected.  

    There are no local modes of the beams provided to support the platforms . Also the  staircase 
beams does not show any local modes and hence the stiffness effects of the  platform and  the grill 
provided over the stair case beams have been neglected. The mass of the entire supporting 
structure is 7.5% of the total mass. Thus, the mass of the platform  and the grills will be very small 
compared to the total mass. Therefore, the mass effects  of the platforms have been neglected.  
3) The columns of the supporting structure at a height above 11 m. consists of 2     ISMC 250 
connected together by plates at irregular intervals of 0.5 m to 1 m. Hence the properties if these 
columns without considering the plates are assumed for the analysis. This assumption will be 
conservative.  
Material Properties: 
   The properties of the rolled steel sections used for the analysis are:  
   Young’s Modulus of elasticity  = 210000 N/mm2 
    Mass density = 7850 Kg/m3 
    Poisson’s ratio =0.3 
      The damping  considered is 7% of critical  for the analysis [11] . The analysis is also carried 
out using the recommended value of damping for seismic re-evaluation  as 15% of critical  [1] . 
 
4. SOIL-STRUCTURE INTERACTION  : 
          
       The HWP, Kota  is located near the RAPP units, and therefore the soil data required for the 
soil structure interaction studies were taken  the same as that of RAPP site. The soil strata of the 
site is rocky [4] and the calculations for soil spring constants evaluated are given in Appendix 2. 
The free vibration analysis of the structure is  done considering the soil springs at all the eighteen 
columns. Frequencies of the structure obtained by considering the soil structure interaction are 
compared with those obtained by considering fixed base analysis as shown in table 1. It is 
observed that the effect of soil structure interaction on natural frequencies is negligible. Therefore, 
the static and dynamic analysis of the structure is carried out considering fixed base. 
 



  

5. ANALYSIS OF DUMP TANKS AND THEIR SUPPORTING STRUCTURES : 
      
      It has been already mentioned that the analysis of the entire structure (four tanks along with 
their supporting structure and a staircase block) is done considering the tanks as beam elements. 
The validity of beam elements for vessel is verified by performing analysis using two cases. In the 
first case, the tank is modeled using SHELL4 element and in the second case, the tank is modeled 
as BEAM3D element. In  these  cases,  tank is considered as empty. The model of the tank is 
shown in Fig. 3. The mass of the tank and its supporting structure in case1 is found to be 6.11 Kg-
sec2/mm where as in case 2 it is found to be 6.10 Kg-sec2/mm. Dead load analysis is performed for 
both the cases. The maximum deflection due to dead load is found to be 1.12 mm in first case and 
1.0 mm in second case.  The deflected shapes of the tank in both cases is  shown in Fig. 4. 
Response spectrum analysis is also performed for both the cases. The Frequencies and mass 
participated in each mode for both the models have been compared in table 2. The first mode 
shapes for both models are shown in Fig. 5. Table 3 shows the comparison of  stresses due to dead 
load and earthquake load stresses for both the cases. It is observed from the results of the analysis 
that the tank modeled as SHELL4 element and BEAM3D element are in good agreement with 
each other. Hence further analysis of the entire structure is performed considering all the four 
tanks as beam elements.  
    The local  membrane stresses in the shell element of the tank material for case 1 is compared 
with those in the beam element of the tank for case 2 as shown in table  4a. It is well known that 
beam element will give only the global stresses neglecting local effects at the support locations, 
where as shell element produces more exact stresses at the supports. The stresses due to dead load 
for the shell element are averaged over the cross-section and are compared well with the beam 
element. It is observed that  away from the support there is good comparison between the average 
membrane stresses in the shell element, and the axial stress in the  beam element. But near the 
support the stresses differ.  This is due to the local stress at the support. The stresses due to the  
earthquake load in the case of shell element  along the height of the tank at support location are 
compared with those of beam element. These stresses also show a good comparison between shell 
element  and beam element except near the support. At the support the stresses in the shell element  
are higher than the beam element as shown in table 4(b). This is so because, the support 
connection to the vessel is assumed at few points only.  In reality, the support  connection is 
spread over an area of 1m2 . The magnitude of the stresses near the support is very small. 
Moreover, for the stresses near the support locations the allowable stresses  will be higher. Based 
on the above case study it is concluded that the global stresses obtained in the beam elements are 
comparable with those of shell elements and therefore beam elements are used for the analysis of 
the full structure.  
 

5.1 Dead  Load  Analysis : 
 
     The dead load analysis is performed  for the entire structure using COSMOS-M. The structure 
is subjected to an acceleration due to gravity of 9.8 m/s2 and then a static analysis is carried out. 
The values of the stresses obtained from the analysis for the members of the supporting structure 
are tabulated in table 6a and, for the tanks are tabulated in table 6b. The total mass of the structure 
is 57.08 Kg-sec2/mm. 
  

5.2 Earthquake Load Analysis : 
 

     The free vibration frequency analysis and also the dynamic analysis is carried out using 
COSMOS-M. The fundamental frequency of vibration of the structure is found to be 1.62 Hz in 



  

the Y-direction , 1.82 Hz in the X- direction and 7.81 Hz in Z- direction. A gross check on the 
fundamental frequency obtained by using the software is made with hand calculations (Appendix 
3.). The calculated frequencies and  mass participation are shown in table 5. The frequency of 
vibration for the  bending mode of the tank alone is 33.4 Hz. 
        The dump tanks and supporting structure is a bolted structure for which damping value used 
in design according to RG 1.61 is 7%. The damping to be considered for re-evaluation is  15% 
[13]. Therefore,  response spectrum method is used for the seismic analysis of the structure using 
the spectra for a minimum damping of 7% and also for a maximum damping of 15%. The 
response spectrum data of RAPP 3&4 ground motion is available for 2%,5%,7% and 10% 
damping values only [4]. Therefore in order to obtain the spectra for 15% damping using spectra 
for two adjacent damping values the following formula is used [10].  
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where λ1 and λ2 are adjacent damping values and λ  is the damping value at which spectra is to be 
generated. The formula given above is obtained by a linear interpolation between spectral 
amplitude and natural logarithm of damping. The formula is given in ASCE (4-86) for an 
intermediate damping value and is modified to give spectrum values for an extrapolated damping 
value. The spectral values for 15 % damping values is thus obtained using the values for 7% 
damping and 10% damping. The plot of response spectra for 7%,10% and 15% damping is shown 
in Fig. 6. 
          The earthquake excitations are  simultaneously applied in three directions ,two horizontal 
and one vertical. The peak ground acceleration considered for horizontal direction is 0.03g while 
that considered for vertical direction is 2/3rd of peak ground horizontal acceleration. The 
responses due to the three directional excitations are combined using SRSS method. The  analysis 
is performed for 100 modes. This covered frequencies upto 21.47 Hz. The total mass participation 
from all the 100 modes is 96.2% in horizontal X and Y directions and 91.65% participation in  
vertical direction. The  ASCE (4-86 ) code states that the mass participation of  the modes 
included in the analysis must be more than 90%. Alternatively, it states that the number of modes 
included in the analysis shall be sufficient to ensure that inclusion of remaining modes does not 
result in more than 10% increase in the total response. Thus, first 100 modes included in the 
analysis are  considered to be adequate.      
 
6.  STRESS CHECK :                 
 
     The stresses due to dead load and earthquake load analysis for members of the supporting 
structure  are tabulated in table 6(a) and for the vessel are tabulated in table 6(b). Earthquake 
stresses for 7% and 15% damping are compared in the same table. It can be seen that the stresses 
obtained in the vessel are very small compared to the allowable stresses. Based on this it is felt 
that detailed local analysis may not be required . 
 
 
 
 
6.1 Combination of stresses : 
 



  

     The stresses due to dead weight and earthquake load are  combined  and  combined stresses are 
checked with the allowable stresses . The comparison of combined stresses  for critical members is 
also shown in table 6.   
 
6.2 Permissible stresses :  
 
     For  seismic re-evaluation of the structure according to service level D [5] stress limit for the 
equipment is given as  2S [1]. Where S is the maximum  allowable stress limit for the specified 
material. For the vessel , S will be minimum of 2/3 of yield stress and 1/4th of ultimate tensile 
strength [5]. According to ASME [9] for the tank vessel material of the given grade (SA-516 gr. 
70), the  yield stress is 26.77 Kg/mm2  and ultimate tensile strength is 49.32 Kg/mm2, therefore  S  
would be equal to 12.33 Kg/mm2 . The permissible stress limit for the tank vessel is 24.66 Kg/mm 
2.  
     The supporting structure, is checked as per AISC code. According to AISC [12 ], the allowable 
stress for axially loaded tension members is 0.6 times yield stress or 1/2 of  ultimate tensile 
strength which ever is minimum. For axially loaded  compression members, the  stresses depend 
on the slenderness ratio of the member .The slenderness ratio of the critical member of the  
supporting structure is 31.706 for which the stress given in AISC is 14 Kg/mm2. For members 
subjected to bending tension and bending compression for compression flanges restrained against 
lateral buckling, the allowable stress is given as 0.66 times the yield stress. AISC states that the 
loads produced by safe shut down earthquake comes under extreme environmental loads for which 
the allowable stress shall be increased by a factor of 1.6. According to IS-226 (1975) [3,6] for the 
structural steel used in the structure (i.e. rolled steel sections of nominal thickness between 6mm 
and 20 mm), yield stress is 26 Kg/mm2  and ultimate tensile strength is 42 Kg/mm2. Thus the 
allowable stress for axial tension will be 24.96 Kg/mm2, for axial compression will be 22.4 
Kg/mm2 and for bending will be 27.5 Kg/mm2. 
 
7.  CONCLUSIONS  :  
 
     The following conclusions are drawn from the seismic re-evaluation of the dump tanks and 
their supporting structure of heavy water plant, Kota.  
1.  The use of beam elements to represent the vessel is justified through case studies as explained 

in section 5 .  
2.  The first fundamental frequency of the entire structure along with the 4 dump tanks is found 

to be 1.62 in Y- direction and 1.82 Hz in X- direction . The frequency of vibration of the 
structure in vertical direction is 7.81 Hz. The effect of soil structure interaction on the natural 
frequencies is negligible. Hence the analysis is carried out considering fixed base.  

3.  The combined stresses due to dead load and earthquake load for the structure  are found well 
within acceptable limits.  

4.  It  is observed from table 6(a) that the  maximum stresses due to dead load are large 
compared to the earthquake load . Hence though the earthquake load stresses are reduced 
considerably due to increase in damping from 7%(damping for design) to 15%(damping for 
seismic re-evaluation), the combined stresses due to dead load and earthquake load has not 
decreased by the same amount. The permissible stress limit for the  structure is 22.4 Kg/mm2  

and for the vessel is 24.66  Kg/mm2. The maximum combined stress considering 15%   
damping  is 13.47 Kg/mm2 and considering 7% damping  is 15.22 Kg/mm2. Thus the stress 
margin available when 15% damping is considered is a factor of 1.66.  



  

5.  The stresses obtained in the vessels modeling as beam elements are very small. The stresses 
in these beam elements are found to be conservative than in the shell elements. However, at 
the support the stresses are  more in the shell elements as shown in table 4b, but they are  
much less than allowable stresses. Therefore detailed local analysis of the tanks is not 
required. 

6.   From the detailed study presented in this report,  it can be said that the dump tanks and their 
supporting structure  are safe  for RAPP 3&4 ground motion with 0.03g ZPA. 
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Fig.1 Comparison of RAPP 3&4 spectra and IS 1893 spectra for 2% 
damping 
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Note: The data for IS 1893-1984 spectra has been obtained from the plot given in IS 1893-
1984. The plot is not very clear between the frequency range 10 Hz to 33 Hz. Within the 
frequency of 10 Hz and 33 Hz the variation of acceleration is considered to be linear. 
Therefore  IS 1893-1984 spectra has  values of acceleration greater than RAPP 3&4 ground 
spectra for frequencies in between  10Hz to 33 Hz. 
 



  

  
 
 
 
 
 
                         Figure 2 Model of the  
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                       Fig. 2  FEM model of Dump tanks and their supporting structure 
 

Beam element 

Fig. 2b Plan 
   Fig. 2a Isometric View 

Fig. 2c Side View from X- direction Fig. 2d Side View from Y- direction 
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Fig. 3 Dumptank and its supporting structure considered for study 
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Fig. 4a Shell model                                             Fig. 4b Beam model 
 

Fig. 4  Deflected shapes of the tanks. 
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Fig. 5a Shell model (Frequency =2.69 Hz)     Fig. 5b Beam model (Frequency =2.74 Hz.) 
 

Fig. 5  First mode  shapes of the tanks 
 
 



  

Fig. 6a Side elevation from X-direction         Fig. 6b Side elevation from Y-direction 

 
Fig. 6 Deflected shape of the dump tanks and their  supporting structure due to self weight 



  

 

Frequency =1.62 Hz , Mass Participation =80.28% (Direction-Y) 

 
Fig .7 First  mode shape of dump tanks and their  supporting structure 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 

 
 
 
 
 

Frequency =1.82 Hz , Mass Participation =92.94% (Direction-X) 

Fig.  8 Second  mode shape of dump tanks and their  supporting structure 

 



  

 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
Frequency =7.81 Hz , Mass Participation =55.48 % (Direction-Z) 

 
Fig .9 Twelvth mode shape of dump tanks and their  supporting structure 
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Fig.  11 a    Shell model                                            Fig.  11 b    Beam model 
 
 
    Fig.  11      Deformed and undeformed shape of the cylinder subjected to self weight. 



  

 
 

Table 1 Comparison of frequencies of dump tanks and its supporting structure with fixed 
base and with  soil  springs.  

 
 

  FREQUENCY 
   NUMBER 

FREQUENCY * 
(Hz) 

FREQUENCY ** 
(Hz) 

1 1.622 1.621 
2 1.824 1.823 
3 2.072 2.071 
4 2.925 2.925 
5 4.322 4.320 
6 4.825 4.424 
7 5.224 5.221 
8 5.556 5.554 
9 5.669 5.668 

10 7.369 7.367 
11 7.395 7.393 
12 7.812 7.806 
13 7.861 7.860 
14 8.069 8.066 
15 9.186 9.185 

 
*    FREQUENCY WITH FIXED BASE 
**  FREQUENCY WITH SOIL SPRING 

 
 



  

 
Table 2 Comparison of Frequencies of Dump tanks, considering tanks as Shell element and 

Beam element 
 

Mass Participation (Kg-sec2/mm) Frequency 
No. 

Frequency 
(Hz) Direction-X Direction-Y Direction-Z 

 Shell Beam Shell Beam Shell Beam Shell Beam 
1 2.69 2.74 5.3961 5.3934 - - - - 
2 2.83 2.9 - - 5.4076 5.4085 - - 
3 4.58 6.87 - - - - - - 
4 9.05 10.8 - - .008 - - - 
5 9.10 10..95 .006 - - - - - 
6 11.47 11.75 .01 - - - - - 
7 11.64 13.37 - - .019 - - - 
8 11.73 13.4 - 0.039 - - - - 
9 12.17 13.41 - - - 0.037 - - 
10 13.37 13.56 - .037 - - - - 
18 15.31 17.11 - - - - 4.9059 5.016 

 
 
 
 

Table 3 Comparison of stresses in the supporting structure of the dump tanks , considering 
tanks as shell element and beam element 

 
Earthquake load stresses   
 2% damping  (Kg/mm2) 

Dead Load 
Stresses (Kg/mm2) 

Element 
No. 

Shell Beam Shell Beam 
621*,612,589,580 2.43 2.48 2.92 2.45 
620*,611,588,579 1.95 1.95 0.846 0.806 
624*,583,615,592 0.362 .282 2.9 2.32 
619*,587,610,578 1.78 1.78 0.653 0.672 
623*,581,590,613 0.124 0.101 0.936 0.752 

 
 

* The above members of the supporting structure are shown in figure 3. 
 
 
 
 
 
 
 
 
 



  

 
 

Table 4a Comparison of  Dead load stresses and earthquake load stresses in the cylindrical 
part of the vessel of the tank for the two models 

 
∗∗∗∗Dead load stresses (Membrane) ∗∗Earthquake load stresses (Bending) Distance in meters 

from the bottom of 
the cylindrical 

part of the tank. 

Avg. Stress in 
the tank vessel 
(shell element)  

Kg/mm2  

Stress in the 
tank vessel 

(Beam element)  
Kg/mm2  

Stress in the  
Tank vessel 

 (shell element)  
Kg/mm2  

Stress in the  
tank vessel  

(Beam element)  
Kg/mm2  

0.588 0.014 0.012 0.0007    0.0006 
1.177 0.018 0.018 0.0011    0.0011 
1.765 0.023 0.023 0.0016    0.0018 
2.354 0.028 0.029 0.0023    0.0028 
2.942 0.032 0.035 0.0038    0.0040 
3.531 0.037 0.040 0.0068    0.0056 
4.120 0.041 0.047 0.014     0.0072 
4.708 0.053 0.052 0.044 0.0093 

5.297 (Support) 0.014 0.056 0.066    0.011 
5.93 -0.020 -0.016 0.040     0.0009 
6.57 -0.012 -0.011 0.013     0.0005 
7.20 -0.010 -0.006 0.008     0.0003 

 
∗∗∗∗Dead load stresses for the shell element are the average  of the stresses noted each the cross-
section along the height of the tank 
∗∗Earthquake load stresses for the shell element are the stresses noted at the support location along 
the height of the tank . Earthquake load has been applied in one horizontal direction. 

 
 
 
 
 
 
 
 
 
 
 

Table 4b  Comparison of stresses in the tank vessel at the support, considering tanks as 
shell element and beam element 

 
Dead Load Stresses Kg/mm2 ∗∗Earthquake load Stresses Kg/mm2 

Shell Element 
local stresses 

Beam Element 
stresses 

Shell Element 
local stresses 

Beam Element 
stresses 

0.3 0.056 0.066 0.0104 
 

 
 

Stresses at the supports 
given in table below 



  

 
 
 
 

Table 5a   Frequencies and mass participation  of dump tanks 
and their supporting structure. 

 
Predominant 

 Mode 
 

Frequency 
      (Hz)    

 

Direction: X  
Effective mass  
Participation 

 Kg-sec2/mm   %age 

Direction: Y 
Effective mass 
Participation 

Kg-sec2/mm  %age 

Direction:  Z 
Effective mass 
Participation 

Kg-sec2/mm   %age 
1 (Y-dir.) 1.622 0.038 0.067 45.826 80.28 - - 
2  (X-dir.) 1.824 53.053 92.94 0.10 .175 - - 
3 (Y-dir.) 2.072 0.153 0.268 7.49 13.12 - - 
4 (Y-dir.) 2.925 0.007 0.5 1.04 1.82 - - 
6 (X-dir.) 4.824 0.964 1.69 0.06 0.11 0.01 0.02 
10 (Z-dir.) 7.37 - - - - 2.066 3.62 
11 (Z-dir.) 7.39 0.144 0.25 - - 1.206 2.11 
12 (Z-dir.) 7.81 - - - - 31.67 55.48 
14 (Z-dir.) 8.07 0.01 0.02 - - 4.91 8.6 
16 (Z-dir.) 9.46 0.01 0.02 - - 7.95 13.93 
54 (Z-dir.) 12.58 0.02 0.04 0.02 0.04 1.02 1.79 
82 (Z-dir.) 17.39 - - - - 1.39 2.43 

Total  % Mass 
Participation in 100  

modes 

96.20 % 96.25 % 
 

91.64 % 
 

 
Note : Only frequencies having mass participation greater then 1.0% of total mass have been 

mentioned. 
 
 

Table 5b   Dominant mode of vibration of dump tanks 
and their supporting structure. 

 
 

Predominant 
Mode 

 
Frequency 

(Hz) 

 
% Mass  Participation 

 

(Y-direction.) 1.622 80.28 
(X-direction.) 1.824 92.94 
(Y-direction.) 2.072 13.12 
(Z-direction.) 7.81 55.48 
(Z-direction.) 8.07 8.6 
(Z-direction.) 9.46 13.93 

 
 
 
 

 



  

 
 
 
 

Table  6 (a) Stresses in the members of the supporting structure. 
Permissible stress = 22.4 kg/mm2 

 
ELEMENT 

 
σel1 

7% damping 

kg/mm2 

σel2                        

15 % damping 
kg/mm2 

σdl 

kg/mm2 
(σel1+σdl  ) 

7% damping 
kg/mm2 

(σel2+σdl ) 
15% damping 

kg/mm2 

275* 7.091 5.34 8.13 15.22 13.47 
137* 7.175 5.41 7.43 14.61 12.84 
175* 3.706 2.81 10.48 14.19 13.29 
37* 3.685 2.79 10.47 14.16 13.26 
23* 3.844 2.92 9.42 13.26 12.34 
48* 3.298 2.50 10.15 13.45 12.65 
161* 3.75 2.85 9.36 13.11 12.21 
186* 3.23 2.45 9.95 13.18 12.4 
598 3.31 2.50 9.78 13.09 12.28 
197* 3.25 2.45 9.77 13.02 12.22 
210* 2.07 1.56 9.09 11.16 10.65 
109* 6.63 4.96 1.69 8.32 6.65 
247* 6.4 4.78 1.97 11.18 6.75 
72* 1.91 1.44 8.9 10.81 10.34 
138* 4.38 3.31 4.92 9.3 8.23 
164* 0.86 0.68 10.08 10.94 10.76 
26* 0.86 0.68 10.06 10.92 10.74 
248* 4.43 3.27 3.65 8.08 6.92 
110* 4.43 3.28 3.65 8.08 6.93 
69* 2.82 2.12 6.06 8.88 8.18 
207* 2.67 2.01 6.2 8.87 8.21 
51* 0.82 0.620 8.98 9.8 9.6 
62* 0.74 0.565 9.06 9.8 9.63 
78* 2.41 1.81 6.23 8.64 8.04 
276* 3.84 2.91 3.71 7.55 6.62 
216* 2.51 1.88 5.66 8.17 7.54 
40* 0.93 0.72 8.03 8.96 8.75 
178* 0.91 0.7 7.71 8.62 8.41 
200* 0.64 0.51 8.14 8.78 8.65 

 
where, σel1=stress due to earthquake load using response spectrum method for 7% damping. 

            σel1=stress due to earthquake load using response spectrum method for 15% damping. 
               σdl  = stress due to self wt 
         *The details of the location of the elements is shown in  Fig. 2d. 

 
 
 



  

Table  6 (b) Maximum Stresses in the dump tanks at the supports.  
Permissible Stress = 2S=  24.66 kg/mm2 

where  S =allowable stress=12.33 kg/mm2  
 
 

Description Earthquake load Stresses 
Kg/mm2 

Dead Load Stresses 
Kg/mm2 

Tank1 0.071 
 

0.025 

Tank2 0.071 
 

0.025 

Tank3 0.019 
 

0.014 

Tank4 0.045 
 

0.017 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

Appendix - 1 
 

Calculations for mass of the tanks. 
Mass of the dump tank 1 or 2 filled with H2S dissolved in water: 

                    Volume of tank material = Volume of hollow sphere of radius 2136.5 mm+volume of the hollow 
cylinder of radius 2145mm 
= 4/3×π×(21553 –21323) + π×7200×(21652-21252) 
=  5.2095×109 mm3 

Volume of H2S dissolved in water   = Volume of hollow sphere of radius 2136.5 mm +volume of 
the hollow cylinder of radius 2145mm 
= 4/3×π×(21323) + π×7200×(21252) 
=  1.4273×1011 mm3 

 Total mass of tank 1or2 filled with H2S dissolved in water = Mass of empty tank  + Mass of   H2S  
dissolved inwater 

                    = 5.2095×109 ×7850×10 -9     +1.4273×1011×1000×10-9. 
= 183624 Kg. -----(a)    
Mass of the dump tank 3 filled with H2S dissolved in water: 

                 Volume of tank material = Volume of hollow sphere of radius 2136.5 mm     +volume of the hollow 
cylinder of radius 2145mm 
= 4/3×π×(21553 –21323) + π×3600×(21652-21252) 
=  3.2687×109 mm3 

                    Volume of H2S dissolved in water = Volume of hollow sphere of radius 2136.5 mm +volume of the 
hollow cylinder of radius 2145mm 
= 4/3×π×(21323) + π×3600×(21252) 
=  9.16634×1010 mm3 

                    Total mass of tank 3 filled with H2S dissolved in water 
                     = Mass of empty tank + Mass of H2S dissolved in water 

 = 3.2687×109 ×7850×10 -9  +9.16634×1010×1000×10-9. = 117322 Kg .------(b) 
 

Mass of the dump tank 4 filled with H2S dissolved in water: 
                    Volume of tank material = Volume of hollow sphere of radius 1151 mm +volume  of the hollow 

cylinder of radius 1150mm 
 = 4/3×π×(11683 –11513) + π×4200×(11752-11502) 
 =  1.05416×109 mm3 

                      Volume of H2S dissolved in water = Volume of hollow sphere of radius      2136.5 mm + volume 
of the hollow cylinder of radius 2145mm 

                     = 4/3×π×(11513) + π×4200×(11502) 
 =  2.3837×1010 mm3 

                    Total mass of tank 4 filled with H2S dissolved in water = Mass of empty tank + Mass of H2S 
dissolved in water 

  = 1.05416×109 ×7850×10 -9  +2.3837×1010×1000×10-9. 
  = 32112 Kg .-------(c) 
Total mass of all the tanks = 183624 × 2 + 117322 +32112  =  516682 Kg 
    In the  FEM model the tanks are assumed as beam elements. The spherical portion of the tank is 
considered as beam element with tapering hollow circular cross section and the cylindrical portion 
of the tank is considered as beam element with uniform hollow circular cross section.  
Mass of the dump tank 1 or 2 (conical ends) filled with H2S dissolved in water: 



  

                    Volume of tank material = Volume of hollow cone of radius 2136.5 mm +volume of the hollow 
cylinder of radius 2145m 

                     = 1/3×π×(21552 –21322) ×2136.5×2+ π×7200×(21652-21252) 
 =  4.32271×109 mm3 

Volume of H2S dissolved in water = Volume water in hollow cone of radius 2136.5 mm +volume 
of water in hollow cylinder of radius 2145mm 
 = 1/3×π×(21323) ×2 + π×7200×(21252) 
 = 1.22438×1011  mm3 

                    Total mass of tank 1or2 filled with H2S dissolved in water = Mass of empty tank + Mass of   H2S  
dissolved in water 

 = 4.32271×109 ×7850×10 -9        +1.22438×1011×1000×10-9. 
= 156371 Kg .-----(a') 
Mass of the dump tank 3 (with conical ends) filled with H2S dissolved in water: 
Volume of tank material = Volume of hollow cone of radius 2136.5 mm +volume of the hollow 
cylinder of radius 2145mm 
= 1/3×π×(21552 –21322) ×2136.5×2+ π×3600×(21652-21252) 
=  2.381957×109 mm3 
Volume of H2S dissolved in water = Volume water in hollow cone of radius 2136.5 mm + volume 
of water in hollow cylinder of radius 2145mm 
= 1/3×π×(21323) ×2 + π×3600×(21252) 
=  7.13669×1010 mm3 
Total mass of tank 3 filled with H2S dissolved in water = Mass of empty tank + Mass of   H2S  
dissolved in water 

 = 2.381957×109 ×7850×10 -9  + 7.13669×1010×1000×10-9. 
= 90065.3 Kg .------(b') 
Mass of the dump tank 4 (with conical ends) filled with H2S dissolved in water: 
Volume of tank material = Volume of hollow cone of radius 2136.5 mm +volume of the hollow 
cylinder of radius 2145mm 
= 1/3×π×(11682 –11512) ×1160×2+ π×4200×(11752-11502) 
=  0.8627194×109 mm3 

Volume of H2S dissolved in water = Volume water in hollow cone of radius 2136.5 mm +volume 
of water in hollow cylinder of radius 2145mm 
 = 1/3×π×(11512) ×2 ×1150+ π×4200×(11502) 
 =  2.064083×1010 mm3 
Total mass of tank 3 filled with H2S dissolved in water = Mass of empty tank + Mass of   H2S  
dissolved in water 

 = .862719×109 ×7850×10 -9        +2.064083×1010×1000×10-9. 
= 27413 Kg .--------( c') 
Total mass of all the tanks considering beam element 
 = 156370.71 × 2 + 90065.3 +27413 =  430220 Kg 
The assumption of spherical ends as hollow tapered beams will result in lower estimation of mass. 
The actual mass of the tanks is taken into account by increasing the density of the tanks by a factor 
which is explained henceforth.  The factors for the four tanks are: 
For tank 1& 2 = a/a' =183624/156371=1.17 
For tank 3 = b/b' =117322/90065.3=1.3 
For tank 4 = c/c' =32112/27413=1.17 
Density of steel is 7950 Kg/m3 



  

In order to account for the mass of the water in the tank in case of tank filled with water the 
density of the tanks will be increased by the factor  
= Mass of tank with water /Mass of empty tank                                            
 For tank 1& 2 = = 183624/41103= 4.467 
 For tank 3 =117322/25659.3 = 4.57 
 For tank 4= 32112/8275.2 =3.88 
 
 
 
 
 
 
 
 
 



  

 
Appendix - 2 

 
Calculations for soil spring constants. 

   The supporting structure of the dump tanks is founded on isolated footings at the four corner 
columns and combined footings for the middle columns.  The footings are of different sizes. In 
order to simplify the problem the smallest isolated footing of the structure is considered for 
calculation of the soil spring constants . These spring constants are applied to all the eighteen 
column bases and the free vibration analysis is carried out. This will give conservative results. The 
soil spring constants are obtained from the  formulae  [10] as given below. The data  required for 
the calculations is as follows. 
L = length of the isolated footing 
B = Width of the isolated footing. 
h = depth of the footing embedment below grade. 
γs = Weight density of soil. 
ρs = Mass density of the soil. 
Vs = Shear wave velocity in the soil. 
Gs =Shear modulus of the soil. 
ns = Poisson’s ratio of soil. 
βx = Horizontal soil spring coefficient. 
βz  = Vertical soil spring coefficient. 
βϕ =Rocking soil spring coefficient. 
ηx = Embedment coefficient for horizontal spring constant.  
    =1+0.6(1- ns)×h×(π/(B×L))0.5 = 1+0.6(1-0.15)×0.7×(π/2×2)0.5= 1.316 
ηz = Embedment coefficient for vertical spring constant. 
    =1+0.55(2- ns)×h×(π/(B×L))0.5 = 1+0.55(2-0.15)×0.7×(π/2×2)0.5= 1.631 
ηϕ = Embedment coefficient for rocking spring constant. 
     =1+1.2(1-ns)×h×(3π/(B×L3))0.25+0.2(2-ns)×[h×(3π/(B×L3))0.25]3 

        =1+1.2(1-0.15)×0.7×(3π/(2×23))0.25+0.2(2-0.15)×[.7×(3π/(2×23))0.25]3=1.711 
Gs =Shear modulus  = ρs Vs 

2 

     = (2.55/9.81)×16002  = 6.656 × 105 t/m2 
Horizontal spring constants : 
Kx = Ky = 2(1+ns )Gs βx (B×L)1/2 ηx 
            =2(1+0.15)×6.656×105 ×1×(2×2)1/2×1.316 =4029276.16 t/m 
Vertical spring constant : 
Kz = (Gs /(1-ns )) × βz×(B×L )1/2 ηz

 

     =  (6.656 ×105 /0.85)× 2.1×(2×2)1/2×1.631=5364109.6 t/m 
Rocking  spring constant : 
Kϕ = (Gs /(1-ns )) × βϕ×(B×L2 ) ηϕ

 

     = (6.656 ×105/0.85) × 0.5×2×22×1.711 =5359254.6 t-m 
Tortional spring constant : 
Equivalent radius = R =(B×L×(B2 + L2 )/6π)1/4 

                                             =(2×2×(4+4)/6×π)1/4  =1.141 m 
Kt = 16×Gs × R3 /3 
     = 16 × 6.656×105 ×  1.1412 /3 = 5279571.6 t-m. 
 



  

Appendix - 3 
Calculations  for  fundamental frequency of the structure 

The First fundamental frequency for bending of the cantilever beam  is found out from the 
formulae [8] given below : 
fb =  (λi

2 /2πl2)× (EI/µ)0.5 

Where, 
λI = 1.875 for first mode  
E = Young’s Modulus of Elasticity. 
I = Moment of Inertia of the structure about its axis of bending.  
µ= Mass per unit length of the beam 
l = Length of the beam. 
Data required for the calculation is given below: 
E=2.1 × 104 Kg/m2 
l = 16800 mm 
µ = 57.0805 kg/mm/s2 
The tanks are mounted on the supporting structure at a height of  11.4 m from the ground. The 
total average height of the structure is about 16.8 m..It is not easily possible to calculate moment 
of inertia using the standard formula . However it can be easily calculated using Finite element 
method. In order to get the equivalent moment of inertia of the structure, the structure is subjected 
to 16000 Kg force at the top along direction X. The deflection obtained at the top is 6.8 mm. 
 The deflection of a cantilever beam is thus Wl3/3EI = 6.8 , where W=16000 Kg. 
Therefore, I= 16000×168003/(3×2.1×104×6.8) = 1.7709 × 1011 mm4 and 
fb = (1.8752 /2π×168002) ×(2.1×104×1.7709 × 1011/(57.0805/16800))0.5 
    = 2.07 Hz. 
The first fundamental frequency of the dump tanks and its supporting structure found out from the 
computer Package COSMOS-M is 1.82 Hz in direction X. 
When the structure is subjected to 16000 Kg force at the top along direction Y , the deflection 
obtained at the top is 8.82 mm. 
 The deflection of a cantilever beam is thus Wl3/3EI = 8.82, where W=16000 Kg. 
Therefore, I= 16000×168003/(3×2.1×104×8.82) = 1.3684 × 1011 mm4 and 
fb = (1.8752 /2π×168002) ×(2.1×104×1.3684 × 1011/(57.0805/16800))0.5 
    = 1.82 Hz. 
The first fundamental Frequency of the dump tanks and its supporting structure found out from the 
computer Package COSMOS-M is 1.62 Hz in direction Y. 
Note : The above calculations are done for a structure with uniform mass and stiffness . 
Since in the actual structure , mass and stiffness properties are not uniform ,the frequencies 
obtained from the calculations are on the Higher side. 
 
 
 
 
 
 
 



  

Appendix -4 
 

      It is explained in the section 5 that the stresses in beam model representing tank are more 
than the shell model. The reasons are explained in this appendix considering an open cylinder. An 
open cylinder of very large height of 42.9 m having outer dia 4.33 m and thickness 40 mm is 
considered. The cylinder is  supported at a height of 39.3 m from the bottom, using the same 
supporting beams as that of the dump tanks. Two cases are considered . In the first case the 
cylinder is modeled as shell element and in the second case it is modeled as beam element. The  
dead load  analysis is carried out for the cylinder in two cases. The model of the cylinder and the 
deflected shape of the cylinders under dead load is shown in Fig.11. 
            The axial stresses in the vessel along the height of the cylinder is noted and is compared in 
both the cases. The comparison of stresses  along the height of the cylinder is shown in the form of 
graph ( Fig. 12). The beam element has only global stresses through out the cylinder with 
maximum stress at the support location. The shell element shows local stresses upto a height of 10 
m below the support  and there after the local effects die down and only global stresses are seen. 
The  stresses of beam element and shell element exactly match with each other at all points below 
a height of about 10 m from the support as shown in Fig.12. Thus it is clear that the stresses in the 
dump tank vessel for beam element and shell element cannot be compared as the height of the 
cylindrical portion is 7.2 m only. The local stresses are dominating over almost full portion of the 
tanks in case of shell elements, while the beam elements give only the global stresses.       
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1.  INTRODUCTION   : 
                            

 Heavy Water Plant (HWP) at Kota  is based on  H2O-H2S bithermal isotopic exchange 
process. Deuterium is extracted from water upto 15% in exchange unit followed by further 
enrichment to 99.8% in distillation unit. The plant also has other auxiliary units such as nitrogen 
generation and storage plant ,water treatment plant ,LPG system, steam plant, vent and flare 
system ,process tanks, process tanks, heat exchangers etc.  

The exchange unit is arranged in 3 stage cascade. The first stage handling large quantities 
of process water and H2S gas, consists of three pairs of cold and hot towers. The second stage and 
third stage each consists of one pair of cold and hot towers. The demineralised water enters the top 
of first stage of cold tower and travels down while hydrogen sulphide gas entering at the bottom of 
the tower meets the water in counter current way on tower internals and the exchange of deuterium 
takes place. In the cold tower, the water gets enriched  with respect to deuterium while the gas gets 
depleted in deuterium concentration. In the hot tower, the reverse reaction takes place i.e. the gas 
gets enriched. This is further enriched in a similar way in 2nd and 3rd stages. The enriched water 
from 3rd stage is stripped off its H2S in a product stripper and fed to the distillation unit for further 
enrichment upto nuclear grade. 

The plant handles a large inventory of  200 tonnes of H2S  gas in process and 50 tonnes of 
H2S  gas as storage . A portion of the enriched water withdrawn from the bottom of first stage cold 
towers is sent to the process tanks. Here, it is processed further and part of it is sent to the IInd 
stage for further enrichment  while the remaining part is sent again to the Ist stage towers. There 
are in all 2 process tanks . 

During the original design stage as per IS 1893-1966 seismic coefficient for zone-I was 
zero and as per IS 1893-1984  seismic coefficient for zone-I is 0.01.Therefore earthquake and its 
effects were not considered while designing the process tanks and their supporting structure. 
However, Heavy Water Plant , Kota is located close to the RAPP 1 &2  and RAPP 3 &4  units . 
Any failure in H2S handling system of HWP Kota will affect these nuclear facilities and public 
near to the plant . Hence it is found necessary to carry out the seismic qualification of such a 
structure  which handles large quantities of toxic H2S gas . In this report , the seismic re-evaluation 
of the process tanks  and their supporting structure  is presented.  
 
7.  GROUND MOTION :                       
 

The seismic re-evaluation of the Process tanks and its supporting structure  has  been  
performed considering the ground motion having 0.03 peak ground acceleration and spectrum 
shape same as that of RAPP 3 &4 [1]. This ground motion will have 95% probability of non-
exceedance in a span of 50 years. The comparison of RAPP 3&4 spectra and IS 1893 spectra for 
2% damping  is shown in Fig. 1. 
 
3.  FINITE ELEMENT MODEL OF THE STRUCTURE  : 
              

The process tanks, supporting structure and staircase blocks are shown in Fig. 2a and Fig. 
2b.There are in all 2 cylindrical process tanks supported on the supporting structure. Both the 
tanks are of height 11.2 m , outer diameter 3.064 m and thickness 0.032 m. As mentioned earlier, 
the tanks are filled with H2S dissolved in water. The supporting structures of the tanks are 
interconnected. Each tank is provided with a staircase block. The staircase blocks of the two tanks 
are also interconnected at the top level by a common platform. The staircase blocks are also 
connected to the tanks supporting structure separately at three platform levels. The supporting 
structure of the process tanks and the staircase blocks are also connected at the top with the top 



  

level common platform between the two tanks. The outlet  pipe of outer diameter 456mm, 19 mm 
thick is connected to tank TK1 and a pipe of outer diameter 406 mm , 10 mm thick is connected to 
the tank TK2. A portion of the pipes till the first anchor is considered in the analysis. The 
supporting structure of the process tanks consists of rolled steel  members having sections of  
different shapes and sizes(ISMB, ISMC etc.).The supporting structure of the tanks have been 
modeled using beam elements and the tanks are modeled using  shell elements.  

Finite element model is made using COSMOS-M. There are in all 2030  elements and 
1799  nodes in the structure. All the elements of the  supporting structure of process tanks are 
modeled as BEAM3D elements. While modeling the supporting structure the following 
assumptions have been made 
1) The  stiffness effects of the platform provided for the maintenance purposes at different levels 
of the supporting structure of tanks and staircase blocks is neglected. However, the mass effects of 
these platforms have been considered by increasing the density of the beams supporting these 
platforms. The density of the beams is increased such that the total increase in weight will be only 
due to weight of the platforms.  
2) The columns of the supporting structure  consists of 2  ISMC  connected together by plates at 
irregular intervals of 0.5 m to 1 m. Hence the properties of these columns without considering the 
plates are assumed for the analysis. This assumption will be conservative.  
 
Material Properties: 
   The properties of the rolled steel sections used for the analysis are:  
   Young’s Modulus of elasticity  = 210000 N/mm2 
    Mass density = 7850 Kg/m3 
    Poisson’s ratio =0.3 

The damping  considered is 7% of critical  for the analysis [11] . The analysis is also 
carried out using the recommended value of damping for seismic re-evaluation  as 15% of critical  
[13] . 
 
4. SOIL-STRUCTURE INTERACTION  : 
          

The HWP, Kota  is located near the RAPP units, and therefore the soil data required for the 
soil structure interaction studies were taken  the same as that of RAPP site. The soil strata of the 
site is rocky [4] and the calculations for soil spring constants evaluated are given in Appendix 2. 
The free vibration analysis of the structure is  done considering the soil springs at all the eighteen 
columns. Frequencies of the structure obtained by considering the soil structure interaction are 
compared with those obtained by considering fixed base analysis as shown in table 1. It is 
observed that the effect of soil structure interaction on natural frequencies is negligible. Therefore, 
the static and dynamic analysis of the structure is carried out considering fixed base. 
 
5.ANALYSIS OF PROCESS TANKS AND THEIR SUPPORTING STRUCTURES: 
      

It has been already mentioned that the analysis of the entire structure (two tanks along with 
their supporting structure and a staircase blocks) is done considering the tanks as shell elements 
and supporting structure as beam elements. Dead load analysis as well as earthquake load analysis 
is performed which is explained henceforth. 
 
 5.1  Dead  Load  Analysis : 

The dead load analysis is performed  for the entire structure using COSMOS-M. The 
structure is subjected to an acceleration due to gravity of 9.8 m/s2 and then a static analysis is 



  

carried out. The values of the stresses obtained from the analysis for the members of the 
supporting structure are tabulated in table 2a and, for the tanks are tabulated in table 2b. The total 
mass of the structure is 26.27 Kg-sec2/mm. Maximum static dead load deflection of the tanks  and 
their supporting structure is 2 mm. The deflected shape of the structure due to dead load is shown 
in Fig. 3  
  
5.2  Earthquake Load Analysis : 

The free vibration frequency analysis and also the dynamic analysis is carried out using 
COSMOS-M. The fundamental frequency of vibration of the structure is found to be 2.44 Hz in 
the X-direction , 2.7 Hz in the Y- direction and 12.54 Hz in Z- direction. The mode shapes of the 
structure are shown in Fig.4 to Fig. 6. A gross check on the fundamental frequency obtained by 
using the software is made with hand calculations (Appendix 2.). The calculated frequencies and  
mass participation are shown in table 3. The frequency of vibration for the  bending mode of the 
tank alone is 19.9 Hz. 

The process tanks and supporting structure is a bolted structure for which damping value 
used in design according to RG 1.61 is 7%. The damping to be considered for re-evaluation is  
15% [13]. Therefore,  response spectrum method is used for the seismic analysis of the structure 
using the spectra for a minimum damping of 7% and also for a maximum damping of 15%. The 
response spectrum data of RAPP 3&4 ground motion is available for 2%,5%,7% and 10% 
damping values only [4]. Therefore in order to obtain the spectra for 15% damping using spectra 
for two adjacent damping values the following formula is used [10].  
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where λ1 and λ2 are adjacent damping values and λ  is the damping value at which spectra is to be 
generated. The formula given above is obtained by a linear interpolation between spectral 
amplitude and natural logarithm of damping. The formula is given in ASCE (4-86) for an 
intermediate damping value and is modified to give spectrum values for an extrapolated damping 
value. The spectral values for 15 % damping values is thus obtained using the values for 7% 
damping and 10% damping. The plot of response spectra for 7%,10% and 15% damping is shown 
in Fig. 7. 

The earthquake excitations are  simultaneously applied in three directions ,two horizontal 
and one vertical. The peak ground acceleration considered for horizontal direction is 0.03g while 
that considered for vertical direction is 2/3rd of peak ground horizontal acceleration. The 
responses due to the three directional excitations are combined using SRSS method. The  analysis 
is performed for 150 modes. This covered frequencies upto 47.8 Hz. The total mass participation 
from all the 150 modes is 97.8% in horizontal X and Y directions. The mass participation along 
vertical direction from these 150 modes is 89% which is very closely matching with ASCE(4-86) 
requirement(i.e. 90%). However to obtain more than 90% mass participation, it is required to 
include more number of higher modes where in the mass participation in each mode will be small. 
This small participation is seen in horizontal direction from mode 26 to 150 (Table 2a) will not 
contribute to the total response. This meets the requirement of  ASCE (4-86 ) code which 
alternatively, states that the number of modes included in the analysis shall be sufficient to ensure 
that inclusion of remaining modes does not result in more than 10% increase in the total response. 
Thus, first 150 modes included in the analysis are  considered to be adequate.      
 
7.  STRESS CHECK :                 



  

 
The stresses due to dead load and earthquake load analysis for members of the supporting 

structure  are tabulated in table 3(a) and for the vessel are tabulated in table 3(b). Earthquake 
stresses for 7% and 15% damping are compared in the same table. It can be seen that the stresses 
obtained in the vessel are very small compared to the allowable stresses. Based on this it is felt 
that detailed local analysis may not be required . 
 
6.3 Combination of stresses : 

The stresses due to dead weight and earthquake load are  combined  and  combined stresses 
are checked with the allowable stresses . The comparison of combined stresses  for critical 
members is also shown in table 3.   
 
6.4 Permissible stresses :  

For  seismic re-evaluation of the structure according to service level D [5] stress limit for 
the equipment is given as  2S [1]. Where S is the maximum  allowable stress limit for the specified 
material. For the vessel , S will be minimum of 2/3 of yield stress and 1/4th of ultimate tensile 
strength [5]. According to ASME [9] for the tank vessel material of the given grade (SA-516 gr. 
70), the  yield stress is 26.77 Kg/mm2  and ultimate tensile strength is 49.32 Kg/mm2, therefore  S  
would be equal to 12.33 Kg/mm2 . The permissible stress limit for the tank vessel is 24.66 Kg/mm 
2.  

The supporting structure, is checked as per AISC code. According to AISC [12 ], the 
allowable stress for axially loaded tension members is 0.6 times yield stress or 1/2 of  ultimate 
tensile strength which ever is minimum. For axially loaded compression members, the stresses 
depend on the slenderness ratio of the member .The slenderness ratio of the critical member of the  
supporting structure is 34.23 for which the stress given in AISC is 13.6 Kg/mm2. For members 
subjected to bending tension and bending compression for compression flanges restrained against 
lateral buckling, the allowable stress is given as 0.66 times the yield stress. AISC states that the 
loads produced by safe shut down earthquake comes under extreme environmental loads for which 
the allowable stress shall be increased by a factor of 1.6. According to IS-226 (1975) [3,6] for the 
structural steel used in the structure (i.e. rolled steel sections of nominal thickness between 6mm 
and 20 mm), yield stress is 26 Kg/mm2  and ultimate tensile strength is 42 Kg/mm2. Thus the 
allowable stress for axial tension will be 24.96 Kg/mm2, for axial compression will be 21.8 
Kg/mm2 and for bending will be 27.5 Kg/mm2. 
 
8.  CONCLUSIONS  :  
 

The following conclusions are drawn from the seismic re-evaluation of the process tanks 
and their supporting structure of heavy water plant, Kota.  
7.  The first fundamental frequency of the entire structure along with the 4 process tanks is found 

to be 2.44 in X- direction and 2.7 Hz in Y- direction . The frequency of vibration of the 
structure in vertical direction is 12.54 Hz. The effect of soil structure interaction on the 
natural frequencies is negligible. Hence the analysis is carried out considering fixed base.  

8.  The combined stresses due to dead load and earthquake load for the structure  are found well 
within acceptable limits.  

9.  It  is observed from table 3(a) that the  maximum stresses due to dead load are large 
compared to the earthquake load. Hence though the earthquake load stresses are reduced 
considerably due to increase in damping from 7%(damping for design) to 15% (damping for 
seismic re-evaluation), the combined stresses due to dead load and earthquake load has not 
decreased by the same amount. The permissible stress limit for the  structure is 21.8 Kg/mm2  



  

and for the vessel is 24.66  Kg/mm2. The maximum combined stress considering 15% 
damping  is 7.9 Kg/mm2 and considering 7% damping  is 8.22 Kg/mm2. Thus the stress 
margin available when 15% damping is considered is a factor of 2.76.  

10. The stresses obtained in the vessels are very small compared to the stresses is the supporting 
structure. Also as per ASME the permissible stress limit for tank vessel is 24.66 Kg/mm2. 

11.  From the detailed study presented in this report,  it can be said that the process tanks and 
their supporting structure  are safe  for RAPP 3&4 ground motion with 0.03g ZPA. 
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Fig.1 Comparison of RAPP 3&4 spectra and IS 1893 spectra for 2% 
damping 

 RAPP 3&4 ground  

          spectra normalised to unity 

 IS 1893-1984 spectra  

          normalised to 
unity 

A
cc

el
er

at
io

n 
in

 'g
' 

Frequency in Hz 

Note: The data for IS 1893-1984 spectra has been obtained from the plot given in IS 1893-
1984. The plot is not very clear between the frequency range 10 Hz to 33 Hz. Within the 
frequency of 10 Hz and 33 Hz the variation of acceleration is considered to be linear. 
Therefore  IS 1893-1984 spectra has  values of acceleration greater than RAPP 3&4 ground 
spectra for frequencies in between  10Hz to 33 Hz. 
 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2a  Isometric view of Process tanks and their supporting 
structure 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2a   FEM model of Process tanks and their supporting structure 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2a   FEM model of Process tanks and their supporting structure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Side View from X- direction         Side View from Y- direction 

                 Plan 

Fig. 2b  Side views  and plan view of Process tanks and their 
supporting structure 



  

 
 
 
 
 
 

Fig. 3  Defflected  shape of the  Process tanks and their  supporting structure  
due to dead load.( Max deflection =3.5 mm) 

 



  

 
 
 
 
 
 
 
 

 
 

Fig. 4    Mode  shape of the  Process tanks and their  supporting structure (X-Dir.) 
 Mode =1, Frequency = 2.34 Hz. 

 
 
 
 
 
 
 
 
 
 
 
 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Mode  shape of the  Process tanks and their  supporting structure (Y- Dir) 
 Mode =2, Frequency = 2.7 Hz. 

 



  

 

Fig. 6  Mode  shape of the  Process tanks and their  supporting structure 
Mode =27, Frequency =12.54 Hz 
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 Table 1 Comparison of frequencies of process tanks and its supporting structure with fixed 

base and with  soil  springs. 
 

  FREQUENCY 
   NUMBER 

FREQUENCY * 
(Hz) 

FREQUENCY ** 
(Hz) 

1 2.437 2.435 
2 2.699 2.696 
3 2.840 2.836 
4 3.781 3.781 
5 4.114 4.113 
6 4.579 4.576 
7 4.823 4.820 
8 4.967 4.964 
9 5.160 5.156 

10 5.589 5.585 
11 6.307 6.306 
12 6.468 6.468 
13 6.755 6.754 
14 7.133 7.131 
15 7.447 7.446 

 
*    FREQUENCY WITH FIXED BASE 
**  FREQUENCY WITH SOIL SPRING 



  

 
Table 2 (a) Stresses in the members of the supporting structure. 

Permissible stress = 21.8 kg/mm2 
 

ELEMENT 
 

σel1 
7% damping 

kg/mm2 

σel2                        

15 % damping 
kg/mm2 

σdl 

kg/mm2 
(σel1+σdl  ) 

7% damping 
kg/mm2 

(σel2+σdl ) 
15% damping 

kg/mm2 

1261* 1.9 1.38 6.32 8.22 7.7 
1299* 2.135 1.55 6.01 8.15 7.56 
1285* 0.826 0.592 7.30 8.126 7.892 
637* 1.65 1.19 6.40 8.05 7.59 

1262* 1.91 1.39 6.21 8.12 7.6 
1298 2.11 1.53 5.83 7.94 7.36 

1242* 0.89 0.639 6.55 7.44 7.19 
638* 1.27 0.912 6.44 7.71 7.35 

1275* 0.611 0.435 6.45 7.06 6.88 
606* 1.75 1.27 5.24 6.99 6.51 
607* 1.52 1.096 5.20 6.72 6.296 

1996* 2.51 1.816 4.2 6.71 6.02 
1995* 2.4 1.741 4.289 6.69 6.03 
1231* 0.68 0.48 5.92 6.6 6.4 
1240* 1.14 0.828 5.1 6.24 5.93 
1997* 2.04 1.474 4.1 6.14 5.57 
582* 1.1 0.798 5.04 6.14 5.84 

1229* 1.17 0.85 4.89 6.06 5.74 
2028* 1.41 1.01 4.64 6.05 5.65 
1396* 1.43 1.04 4.40 5.83 5.44 
617* 1.04 0.757 4.61 5.65 5.37 

1322* 0.796 0.577 4.95 5.746 5.53 
1273* 1.23 0.901 4.49 5.72 5.39 
623* 1.33 0.96 3.93 5.26 4.89 
588* 1.3 0.934 3.72 5.02 4.65 

2019* 2.0 1.43 2.92 4.92 4.35 
1356* 0.63 0.457 4.28 4.91 4.74 
2027* 1.36 0.98 3.25 4.61 4.23 
1829* 2.09 1.51 1.64 3.64 3.15 
1842* 3.17 2.31 0.28 3.45 2.59 

 
where, 
 σel1=stress due to earthquake load using response spectrum method for 7% damping. 
 σel1=stress due to earthquake load using response spectrum method for 15% damping. 
 σdl  = stress due to self wt 
 *The details of the location of the elements is shown in  Fig. 2b. 

 
 
 
 



  

 
Table  2(b) Maximum Stresses in the process tanks at the supports.  

Permissible Stress = 2S=  24.66 kg/mm2 

where  S =allowable stress=12.33 kg/mm2  
 
 

Description σel1 
7% 

damping 

kg/mm2 

σel2                        

15 % 
damping 
kg/mm2 

σdl 

kg/mm2 
(σel1+σdl  ) 

7% damping 
kg/mm2 

(σel2+σdl ) 
15% damping 

kg/mm2 

Tank 1      
(near the  pipe) 

0.53 0.39 0.4 0.93 0.79 

Tank 2       
(near  the pipe) 

0.42 0.31 0.15 0.57 0.46 

Tank 1          
(at the support) 

0.14 0.1 0.83 0.97 0.93 

Tank 2             
(at the support) 

0.1 0.074 0.99 1.09 1.064 

 
Where 
 σel1=stress due to earthquake load using response spectrum method for 7% damping. 
 σel1=stress due to earthquake load using response spectrum method for 15% damping. 
 σdl  = stress due to self wt 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table3(a)   Frequencies and mass participation  of Process tanks 
and their supporting structure. 



  

 
Predominant 

 Mode 
 

Frequency 
      (Hz)    

 

Direction: X  
Effective mass  
Participation 

 Kg-sec2/mm   %age 

Direction: Y 
Effective mass 
Participation 

Kg-sec2/mm  %age 

Direction:  Z 
Effective mass 
Participation 

Kg-sec2/mm   %age 
1 (X-dir.) 2.44 17.743 67.53 2.744 10.44 - - 
2  (Y-dir.) 2.70 2.962 11.27 14.76 56.18 - - 
3 (Y-dir.) 2.84 0.208 0.8 6.083 23.15 - - 
5 (X-dir.) 4.12 0.438 1.67 - - 0.04 .152 
8 (X-dir.) 4.97 1.192 4.54 0.416 1.58 - - 

11 (X-dir.) 6.31 0.512 1.95 - - - - 
16 (X-dir.) 7.65 0.529 2.01 - - 0.346 1.32 
23 (Z-dir.) 11.25 0.08 0.3 0.01 0.03 5.007 19.06 
26 (Z-dir.) 12.08 0.05 0.2 - - 5.203 19.80 
27 (Z-dir.) 12.54 0.102 0.4 - - 10.07 38.33 
85(Z-dir) 30.43 - - - - 0.391 1.49 
91(Z-dir) 32.58 - - -  0.688 2.62 

Total  % Mass 
Participation in 150  

modes 

97.8 % 97.73 % 
 

89.0 % 
 

 
Note : Only frequencies having mass participation greater then 1.0% of total mass have been 

mentioned. 
 
 

Table 3(b)   Dominant mode of vibration of Process tanks 
and their supporting structure. 

 
 

Predominant 
Mode 

 
Frequency 

(Hz) 

 
% Mass  Participation 

 

(X-direction.) 2.44 67.53 
(Y-direction.) 2.7 56.18 
(Y-direction.) 2.84 23.15 
(Z-direction.) 11.25 19.06 
(Z-direction.) 12.08 19.8 
(Z-direction.) 12.54 38.33 

 



  

Appendix - 1 
 

Calculations for soil spring constants. 
   The supporting structure of the process tanks is founded on isolated footings at  all the  columns.  
The footings are of different sizes. In order to simplify the problem, the smallest isolated footing 
of the structure is considered for calculation of the soil spring constants . These spring constants 
are applied to all the sixteen column bases and the free vibration analysis is carried out. This will 
give conservative results. The soil spring constants are obtained from the  formulae  [10] as given 
below. The data  required for the calculations is as follows. 
L = length of the isolated footing=2.3 m 
B = Width of the isolated footing=1.75 m. 
h = depth of the footing embedment below grade. 
γs = Weight density of soil. 
ρs = Mass density of the soil. 
Vs = Shear wave velocity in the soil. 
Gs =Shear modulus of the soil. 
ns = Poisson’s ratio of soil. 
βx = Horizontal soil spring coefficient. 
βz  = Vertical soil spring coefficient. 
βϕ =Rocking soil spring coefficient. 
ηx = Embedment coefficient for horizontal spring constant.  
    =1+0.6(1- ns)×h×(π/(B×L))0.5 = 1+0.6(1-0.15)×0.7×(π/2.3×1.75)0.5= 1.315 
ηz = Embedment coefficient for vertical spring constant. 
    =1+0.55(2- ns)×h×(π/(B×L))0.5 = 1+0.55(2-0.15)×0.7×(π/2.3×1.75)0.5= 1.629 
ηϕ = Embedment coefficient for rocking spring constant.(about y axis) 
     =1+1.2(1-ns)×h×(3π/(B×L3))0.25+0.2(2-ns)×[h×(3π/(B×L3))0.25]3 

        =1+1.2(1-.15)×.7×(3π/(1.75×2.33))0.25+ 
.2(2.15)×[.7×(3π/(1.75×2.33))0.25]3=1.651 
ηϕ = Embedment coefficient for rocking spring constant.(about x axis) 
     =1+1.2(1-ns)×h×(3π/(B×L3))0.25+0.2(2-ns)×[h×(3π/(B×L3))0.25]3 

        =1+1.2(1-.15)×.7×(3π/(2.3×1.753))0.25+.2(2-.15)×[.7×(3π/(2.3×1.753))0.25]3=1.771 
Gs =Shear modulus  = ρs Vs 

2 

     = (2.55/9.81)×16002  = 6.656 × 105 t/m2 
Horizontal spring constants : 
Kx = Ky = 2(1+ns )Gs βx (B×L)1/2 ηx 
            =2(1+.15)×6.656×105 ×0.96×(2.3×1.75)1/2×1.315 = 3877225.653t/m 
Vertical spring constant : 
Kz = (Gs /(1-ns )) × βz×(B×L )1/2 ηz

 

     =  (6.656 ×105 /0.85)× 2.1×(1.75×2.3)1/2×1.629=5374248.067 t/m 
Rocking  spring constant :(about y axis) 
Kϕ = (Gs /(1-ns )) × βϕ×(B×L2 ) ηϕ

 

     = (6.656 ×105/0.85) × 0.6×1.75×2.32×1.651 =7181024.89 t-m 
Rocking  spring constant :(about x axis) 
Kϕ = (Gs /(1-ns )) × βϕ×(B×L2 ) ηϕ

 

     = (6.656 ×105/0.85) × 0.5×2.3×1.752×1.771 =4884126.3 t-m 
Tortional spring constant : 
Equivalent radius = R =(B×L×(B2 + L2 )/6π)1/4 



  

                                             =(2.3×1.75×(5.29+3.0625)/6×π)1/4  =1.1556 m 
Kt = 16×Gs × R3 /3     = 16 × 6.656×105 ×  1.1843 /3  
= 5478642.67 t-m. 



  

 
Appendix - 2 

Calculations  for  fundamental frequency of the structure 
The First fundamental frequency for bending of the cantilever beam  is found out from the 
formulae [8] given below : 
fb =  (λi

2 /2πl2)× (EI/µ)0.5 

Where, 
λI = 1.875 for first mode  
E = Young’s Modulus of Elasticity. 
I = Moment of Inertia of the structure about its axis of bending.  
µ= Mass per unit length of the beam 
l = Length of the beam. 
Data required for the calculation is given below: 
E=2.1 × 104 Kg/m2 
l = 14500 mm 
µ = 26.27 kg/mm/s2 
The tanks are mounted on the supporting structure at a height of  11.4 m from the ground. The 
total average height of the structure is about 14.5 m..It is not easily possible to calculate moment 
of inertia using the standard formula . However it can be easily calculated using Finite element 
method. In order to get the equivalent moment of inertia of the structure, the structure is subjected 
to 16000 Kg force at the top along direction X. The deflection obtained at the top is 9.3 mm. 
 The deflection of a cantilever beam is thus Wl3/3EI = 9.3 , where W=16000 Kg. 
Therefore, I= 16000×145003/(3×2.1×104×9.3) = 8.3253 × 1010 mm4 and 
fb = (1.8752 /2π×145002) ×(2.1×104×8.3253 × 1010/(26.27/14500))0.5 
    = 2.61 Hz. 
The first fundamental frequency of the process tanks and its supporting structure found out from 
the computer Package COSMOS-M is 2.43 Hz in direction X. 
When the structure is subjected to 16000 Kg force at the top along direction Y , the deflection 
obtained at the top is 14.63 mm. 
 The deflection of a cantilever beam is thus Wl3/3EI = 14.63, where W=16000 Kg. 
Therefore, I= 16000×145003/(3×2.1×104×14.63) = 5.292 × 1010 mm4 and 
fb = (1.8752 /2π×145002) ×(2.1×104×5.292 × 1010/(26.27/14500))0.5 
    = 2.08 Hz. 
The first fundamental Frequency of the process tanks and its supporting structure found out from 
the computer Package COSMOS-M is 2.7 Hz in direction Y, which is on higher side compared to 
the hand calculations. The reason is that, when load is applied on all columns, the deflection of the 
supporting structure of tanks is large compared to that of the staircase blocks. This resulted in 
lower stiffness. The purpose of this calculation was to check that there is no gross error in the 
finite element model. The closeness of the frequencies indicates that the same has been verified. 
Note : The above calculations are done for a structure with uniform mass and stiffness . 
Since in the actual structure , mass and stiffness properties are not uniform ,the frequencies 
obtained from the calculations are not exact. 
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1.  INTRODUCTION  : 
                            
       Heavy Water Plant (HWP) at Kota  is designed to produce 100 tonnes of heavy water by 
using bi-thermal H2S–H2O exchange process followed by vaccum distillation. Deuterium is 
extracted from water upto 15% in exchange unit followed by further enrichment to 99.8% in 
distillation unit. The  exchange unit  has total 10 exchange towers with other accessories such as 
gas booster pumps, Heat Exchangers  associated piping and equipment. The plant also has other 
auxiliary units such as nitrogen generation and storage plant, water treatment plant, LPG system 
etc. 
       The plant handles a large inventory of  200 tonnes of  H2S  gas in process and 50 tonnes of 
H2S  gas as storage . The exchange unit has 5 pairs of cold and hot towers operating at 300 C and 
1300  C respectively at pressure of about 21 Kg/cm2.  These towers are arranged in three stages.  
The first stage consists of three pairs of cold and hot towers where as the second and third stage 
consists of one pair of cold and hot towers respectively. The temperature of the process is 
controlled by providing external steam to towers and process  liquid Heat Exchangers. The chilled 
water heat recovery is also achieved by providing Heat Exchangers. These Heat Exchangers 
contain a considerable amount of H2S dissolved in water. H2S gas is very toxic, corrosive and 
hazardous and hence all safety aspects have been considered while designing, fabricating and 
operating the plant.  
  During the original design stage as per IS 1893-1966 seismic coefficient for zone-I was 
zero . Therefore earthquake and its effects were not considered while designing the Heat 
Exchangers and its supporting structures. However, as per IS 1893-1984  seismic coefficient for 
zone-I is 0.01. Moreover, Heavy Water Plant , Kota is located close to the RAPP 1 &2  and RAPP 
3 &4  units . Any failure in H2S handling system of HWP Kota will affect these nuclear facilities 
and public near to the plant . Hence it is found necessary to do the seismic qualification of these 
Heat Exchangers and its supporting structures which carry considerable amount of  toxic H2S gas. 
In this report , the seismic re-evaluation of the Heat Exchangers and its supporting structures is 
presented. 
  
2.  GROUND MOTION :                       
 
       The seismic re-evaluation of the Heat Exchangers and its supporting  has  been  performed 
considering the ground motion having 0.03g peak ground acceleration and spectrum shape same as 
that of RAPP 3 &4 [1]. This ground motion will have 95% probability of non exceedence in a 
span of 50 years. The comparison of RAPP 3&4 spectra and IS 1893 spectra for 2% damping  is 
shown in Fig. 1. 
 
3.  FINITE ELEMENT MODEL OF THE STRUCTURE  : 
              
      The  FEM model of Heat Exchangers and its supporting structures is shown in Fig. 2. The 
FEM model is made using COSMOS-M. There are in all 8372  elements and 7495 nodes in the 
structure. The supporting structure supports 5 Heat Exchangers i.e. RX1, RX3, RX5, CWX7 and 
CWX8. It also supports 3 tanks TK1, TK2 and TK3.  The Heat Exchangers RX1 and RX3 are 
cylindrical in shape with 10.7 m length and 0.9 m internal diameter. RX5 is 6.4 m length and 0.74 
m diameter . CWX 7 and CWX8  are 6.6m length and 1.1m diameter.  The tanks TK1 and TK2 are 
3.8 m length and 1 m diameter. The tank TK3 is 2.4 m length and 1 m diameter. The supports of 
the Heat Exchangers and the tanks, which connects the Heat Exchangers to the supporting 
structure is modeled  by considering beam elements of equivalent mass and stiffness properties. 
These Heat Exchangers have tube bundles having tubes of 20 mm diameter. These tube bundles 



  

have been modeled as single beam element in the centre of the Heat Exchangers of equivalent area 
and Moment of inertia. These tube bundles are supported in the Heat Exchangers by baffle plates, 
which are modeled as rigid bars attached to the walls of Heat Exchangers. Thus the mass and the 
stiffness of these tube bundles is taken into account in the analysis. The frequency of each tube 
filled with water , considering the span of the tube  between two baffle plates  is found as 156 Hz.   
Thus the dynamic stresses in the individual tubes will be negligible. The Heat Exchangers  and the 
tanks are modeled as SHELL4 elements. The tanks are completely filled with H2S dissolved in 
water. The mass of the water is taken into account by increasing the density of the tanks.  The 
supporting structure of the Heat Exchangers and the tanks is modeled as BEAM 3D elements. It 
mainly consists of ISMC, ISMB sections.  

  The valve loads acting on the structure are also considered using mass elements. The 
structure is connected to the main pipe racks  at  one side. The part of the main pipe racks 
connected to the structure is also modeled and considered in the analysis. The staircase block  
provided for maintenance purposes is also modeled. 
The properties of the rolled steel sections used for the analysis are: 
Young’s Modulus of elasticity  = 210000 N/mm2 
Mass density = 7850 Kg/m3 
Poisson’s ratio =0.3 
       
4. SOIL-STRUCTURE INTERACTION  : 
          

The HWP, Kota  is located near the RAPP units, and therefore the soil data required for the 
soil structure interaction studies were taken  the same as that of RAPP site. The soil strata of the 
site is rocky [4] and the calculations for soil spring constants evaluated are given in Appendix 2. 
The free vibration analysis of the structure is  done considering the soil springs at all the twenty 
five columns. Frequencies of the structure obtained by considering the soil structure interaction are 
compared with those obtained by considering fixed base analysis as shown in Table 1. It is 
observed that the effect of soil structure interaction on natural frequencies is negligible. Therefore, 
the static and dynamic analysis of the structure is carried out considering fixed base. 
 
5.ANALYSIS OF HEAT EXCHANGERS AND THEIR SUPPORTING STRUCTURES: 
      

It has been already mentioned that the analysis of the entire structure is done considering 
the  Heat Exchangers  and the tanks as shell elements and supporting structure as beam elements. 
Dead load analysis as well as earthquake load analysis is performed which is explained 
henceforth. 

 
5.1 Dead   Load  Analysis : 
 

The dead load analysis is performed  for the entire structure using COSMOS-M. The 
structure is subjected to an acceleration due to gravity of 9.8 m/s2 and then a static analysis is 
carried out. The values of the stresses obtained from the analysis for the members of the 
supporting structure are tabulated in Table 2a and, for the  Heat Exchangers and the tanks are 
tabulated in Table 2b. The total mass of the structure is 319 Tonnes.  Maximum dead load 
deflection of the tanks  and their supporting structure is 4.49 mm. The deflected shape of the 
structure due to dead load is shown in Fig. 4. The maximum stress in the member no 8290 due to 
dead load is 5.82 N/m2. 

 

5.2  Earthquake Load Analysis : 



  

 
The free vibration frequency analysis and also the dynamic analysis is carried out using 

COSMOS-M. The fundamental frequency of vibration of the structure is found to be 2.02 Hz in 
the X-direction,  2.57 Hz in the Y- direction and 9.04 Hz in Z- direction. The mode shapes of the 
structure are shown in Fig.5 to Fig. 7.  The frequencies of various modes and their mass 
participations have been listed in Tables 3a  and 3b.A gross check on the fundamental frequency 
obtained by using the software is made with hand calculations (Appendix 2.). It is observed that 
there is a local mode of the structure along with the second fundamental mode  of the structure in 
Y direction. The members participating in this local mode are elements no 8232 to 8239 as shown 
in Fig. 6. This is due to the fact that fundamental frequency of vibration of these members is about 
2.5 Hz in horizontal direction  as shown in appendix 4. These members carry a large amount  i.e. 
2.5 tonnes of  pipe and valve loads.   The calculated frequencies and  mass participation are shown 
in Table 3.  

The Heat Exchangers and supporting structure is a bolted structure for which according to 
RG 1.61, the damping value used in design is 7%. The damping to be considered for re-evaluation 
is  15%  for the steel structure and it is 7 % for Heat Exchangers  [13]. Therefore, response 
spectrum method is used for the seismic analysis of the structure using the spectra for the damping 
of 7%. The plot of response spectra for 7% damping is shown in Fig. 8. 

The earthquake excitations are  simultaneously applied in three directions two horizontal 
and one vertical. The peak ground acceleration considered for horizontal direction is 0.03g while 
that considered for vertical direction is 2/3rd of peak ground horizontal acceleration. The 
responses due to the three directional excitations are combined using SRSS method. The analysis 
is performed for 320  modes. This covered frequencies upto 33 Hz. The total mass participation 
from all the 320 modes is 97.8% in horizontal X and Y directions. The mass participation along 
vertical direction from these 320 modes is 77.6 %. The Heat Exchangers and the tanks rest on their 
supporting beams. The Heat Exchangers and the tanks vibrate in the vertical direction at different 
frequencies, depending on the frequency of the supporting beams.  It is observed from the mode 
shapes  that the Heat Exchangers CWX 7 & 8 and their supporting beams does not participate  in 
vertical direction in the frequencies covered upto 33 Hz.  The vertical frequency of vibration of 
these Heat Exchangers, computed by hand calculations as shown in Appendix 3 is 41 Hz.   The 
mass of  each of these  Heat Exchangers is  18.5 tonnes. The total mass of these two Heat 
Exchangers, CWX 7 and 8 is 12 %. Thus in order to take into account this missing mass in the 
dynamic  response, a static analysis is carried out by applying a vertical force equal to the weight 
of the Heat Exchangers at the supporting beams of these Heat Exchangers. The response of this 
static analysis is added to the dynamic response of the first 320 modes in SRSS manner. Hence the 
mass participation in the vertical direction becomes  89.6 %   which is  closely matching with 
ASCE(4-86) requirement.(i.e. 90%). Thus, first 320 modes included in the dynamic  analysis 
along with the static analysis of the structure with a load equivalent to the self weight of Heat 
Exchangers CWX 7 &8 is considered adequate in the dynamic response analysis. 
 
6.  STRESS CHECK :    
              

The stresses due to dead load and earthquake load  for members of the supporting structure  
are tabulated in Table 2(a) and for the Heat Exchangers and tank vessels are tabulated in Table 
2(b). The stresses in the tanks and Heat Exchangers vessels due to dead load are large compared to 
Earthquake load stresses.  This is due to the fact that the fundamental frequencies of bending of 
the tanks and the Heat Exchangers  are above 33 Hz.  It can be observed, from  the tables that the 
stresses obtained in the vessel are  small compared to the allowable stresses. Based on this it is felt 
that detailed local analysis is not required . 



  

 
6.1 Combination of stresses : 

The stresses due to dead weight and earthquake load are  combined  and  combined stresses 
are checked with the allowable stresses . The comparison of combined stresses  for critical 
members is also shown in Table 2.   
 
6.2 Permissible stresses :  

 The applicable design code for the vessels is ASME Section III, subsection ND, Class 3 
components. For  seismic re-evaluation of the structure according to service level D of this design 
code[5] stress limit for the equipment is given as  2S.   Where S is the maximum  allowable stress 
limit for the specified material. For the vessel , S will be minimum of 2/3 of yield stress (σy) and 
1/4th of ultimate tensile strength(σu)  [5]. According to ASME [9] for the tank vessel material of 
the given grade (SA-516 gr. 70), the  σy is 26.77 Kg/mm2  and σu is 49.32 Kg/mm2, therefore  S  
would be equal to 12.33 Kg/mm2 . The permissible stress limit for the tank vessel is 24.66 
Kg/mm2.  

The supporting structure, is checked as per AISC code. According to AISC [12 ], the 
allowable stress for different types of members of steel structure are given in Table 4. AISC  also 
states that the loads produced by safe shut down earthquake falls under extreme environmental 
loads for which the allowable stress shall be increased by a factor of 1.6. According to IS-226 
(1975) [3,6] for the structural steel used in the structure (i.e. rolled steel sections of nominal 
thickness between 6mm and 20 mm), yield stress is 26 Kg/mm2  and ultimate tensile strength is 42 
Kg/mm2. Thus the allowable stress for axial tension will be 24.96 Kg/mm2, for axial compression 
will be 8.64 Kg/mm2 and for bending tension  will be 27.5 Kg/mm2 and for bending compression 
will be 13.76 Kg/mm2 . 

 
 

7. CONCLUSIONS  :  
 

The following conclusions are drawn from the seismic re-evaluation of the Heat 
Exchangers and their supporting structure of heavy water plant, Kota.  
1. The first fundamental frequency of the entire structure along with the 4 Heat Exchangers is 

found to be 2.02 in X- direction and 2.58 Hz in Y- direction . The frequency of vibration of 
the structure in vertical direction is 9.03 Hz. The effect of soil structure interaction on the 
natural frequencies is negligible. Hence the analysis is carried out considering fixed base.  

2. The combined stresses due to dead load and earthquake load for the structure  are found well 
within acceptable limits.  

3. It   is observed from Table 3(a) that the  maximum stresses due to dead load are large 
compared to  the earthquake load except in few members in which local mode is observed.  
The permissible stress limit for the structure is 13.76 Kg/mm2  in bending compression. The 
maximum combined stress considering 7% damping  is 10.162 Kg/mm2. Thus the stress 
margin available when 7% damping is considered is a factor of  1.6.  

4. The stresses obtained in the vessels are  small compared to the stresses in the supporting 
structure. The stresses in the tanks and Heat Exchangers due to dead load are large compared 
to Earthquake load stresses. The maximum stress in the vessels is 6.84 Kg/mm2, which is 
within permissible limits i.e. 24.66 Kg/mm2. 

5.  From the detailed study presented in this report,  it can be said that the Heat Exchangers and 
their supporting structure  are safe  for RAPP 3&4 ground motion with 0.03g ZPA. 
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Fig.1 Comparison of RAPP 3&4 spectra and IS 1893 spectra for 2% 
damping 
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Note: The data for IS 1893-1984 spectra has been obtained from the plot given in IS 1893-
1984. The plot is not very clear between the frequency range 10 Hz to 33 Hz. Within the 
frequency of 10 Hz and 33 Hz the variation of acceleration is considered to be linear. 
Therefore  IS 1893-1984 spectra has  values of acceleration greater than RAPP 3&4 ground 
spectra for frequencies in between  10Hz to 33 Hz. 
 



  

Fig. 2  FEM Model of Heat exchangers and its supporting 
structure. 
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Fig. 3 Elevations of the model of Heatexchangers and its supporting 
structure  in 3 directions. 
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Fig. 4 Deflected Shape of the structure due to self weight.  
Maximum deflection due to self weigt is 4 mm 

 



  

Fig. 5 Mode  shape of Heatexchangers and its supporting structure 
Mode 2 Frequency= 2.03 Hz. , Mass Participation = 52.6 % 



  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Mode  shape of Heat Exchangers and its supporting structure 
Mode 4 Frequency= 2.58 Hz. , Mass Participation =38.6 % 

8232-8239 



  

 
 

Fig. 7 Mode  shape of Heat Exchangers and its supporting structure 
Mode 61,  Frequency= 9.04 Hz. , Mass Participation =8.37 % 
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Table 1 Comparison of frequencies of Heat Exchangers and its supporting structure with 
fixed base and with  soil  springs. 

 
  FREQUENCY 

   NUMBER 
FREQUENCY * 

(Hz) 
FREQUENCY ** 

(Hz) 
1 1.5049 1.5047 
2 2.0274 2.0271 
3 2.3892 2.3888 
4 2.5767 2.5765 
5 2.8706 2.8703 
6 2.9319 2.9319 
7 3.1658 3.1654 
8 3.4200 3.4201 
9 3.8432 3.8430 
10 3.8884 3.8881 
11 3.9327 3.9327 
12 4.1128 4.1128 
13 4.2364 4.2362 
14 4.5401 4.5400 
15 4.8611 4.8611 

 
*    FREQUENCY WITH FIXED BASE 
**  FREQUENCY WITH SOIL SPRING 



  

 
Table 2 (a) Stresses in the members of the supporting structure. 

 
ELEMENT 

 
σdl  

kg/mm2 
σel1 

7% damping 

kg/mm2
 

 

(σel1+σdl  ) 
7% damping 

kg/mm2 

8236* 4.31 5.85 10.16 
8237* 2.17 6.45 8.62 
8238* 2.17 6.44 8.61 
8235* 2.82 5.15 7.97 
8240* 3.86 3.82 7.68 
8232* 2.81 4.1 6.91 
8290* 5.82 1.06 6.88 

31* 5.2 1.58 6.78 
8288* 5.58 1.03 6.61 
8055* 4.74 1.8 6.54 
971* 4.41 1.82 6.23 
903* 3.17 3 6.17 

8250* 1.99 4.11 6.1 
58* 4.23 1.66 5.89 

7762* 4.21 1.66 5.87 
40* 4.8 0.72 5.52 

8239* 1.01 4.5 5.51 
8234* 2.38 3.01 5.39 
523* 3.23 2.03 5.26 
951* 4.22 0.94 5.16 

8291* 4.35 0.72 5.07 
954* 3.86 1.15 5.01 

8070* 3.15 1.56 4.71 
607* 0.93 3.46 4.39 
504* 0.78 3.40 4.18 
258* 1.93 2.24 4.17 
957* 2.04 2.09 4.13 
259* 1.81 2.23 4.04 

8248* 1.43 2.31 3.74 
 

where, 
 σel1=stress due to earthquake load using response spectrum method for 7% damping. 
σdl  = stress due to self wt 
 *The details of the location of the elements is shown in  Fig. 2&3. 



  

Table  2(b) Maximum Stresses in the Heat Exchangers at the supports.  
Permissible Stress = 2S=  24.66 kg/mm2 

where  S =allowable stress=12.33 kg/mm2  
 
 

Description σel1 
7% damping 

kg/mm2 

σdl 

kg/mm2 
(σel1+σdl  ) 

7% damping 
kg/mm2 

Heat exchanger RX1  0.133 3.291 3.424 
Heat exchanger RX3 0.141 3.694 3.835 
Heat exchanger RX3 0.246 3.782 4.028 
Heat exchanger CWX7 0.335 3.583 3.918 
Heat exchanger CWX8 0.296 3.334 3.630 
Tank TK1  0.094 6.193 6.287 
Tank TK2 0.114 6.734 6.848 
Tank TK3 0.232 3.451 3.683 

 
Where 
 σel1= stress due to earthquake load using response spectrum method for 7% damping. 
 σdl  = stress due to self wt. 
 



  

 
Table 3(a)   Frequencies and mass participation  of Heat Exchangers 

and their supporting structure. 
 

Predominant 
Mode 

Frequency 
(Hz) 

 

Effective mass  
Participation in X-dir 
Kg-sec2/mm     %age 

Effective mass 
Participation in Y dir. 

Kg-sec2/mm        %age 

Effective mass 
Participation in Z dir. 
Kg-sec2/mm      %age 

1 1.50 2.79 8.75 - - - - 
2 2.03 16.77 52.58 - - - - 
3 2.39 1.23 3.86 0.02 0.06 - - 
4 2.58 0.02 0.06 12.16 38.12 - - 
5 2.87 0.01 0.03 6.27 19.66 - - 
7 3.17 5.47 17.14 0.06 0.19 - - 
9 3.84 - - 3.30 10.34 - - 

10 3.89 0.13 0.40 0.44 1.38 - - 
13 4.24 0.80 2.49 0.55 1.72 - - 
17 4.96 0.21 0.67 0.60 1.88 - - 
36 7.13 0.03 0.11 0.97 3.04 - - 
52 8.29 0.69 2.15 0.01 0.03 - - 
55 8.50 0.02 0.08 0.42 1.32 0.01 0.03 
58 8.84 - - - - 0.33 1.03 
62 9.11 0.01 0.02 - - 0.39 1.22 
63 9.13 0.01 0.02 - - 0.54 1.69 
72 9.64 - 0.01 - - 0.95 2.98 
77 9.84 0.01 0.02 - - 0.43 1.35 
79 9.95 - - 0.45 1.41 - - 
86 10.81 0.01 0.02 0.02 0.06 0.76 2.38 
88 11.16 - - 0.41 1.29 - - 
90 11.25 - 0.01 0.38 1.19 - - 
91 11.37 - 0.01 - - 1.37 4.29 
98 11.99 - - 0.01 0.03 0.40 1.25 

106 12.64 - - 0.01 0.03 0.34 1.07 
124 14.38 - - 0.01 0.03 0.74 2.32 
138 15.51 - - - - 1.09 3.42 
198 19.83 0.01 0.02 0.01 0.03 0.38 1.19 
215 21.22 - - - - 0.45 1.41 
227 22.02 - - - - 0.42 1.32 
229 22.30 - - - - 0.50 1.57 
232 22.62 - - - - 0.80 2.51 
233 22.71 - - - - 0.48 1.50 
259 24.84 - - - - 0.47 1.47 
316 32.34 - - - - 0.57 1.79 

Total  % Mass 
Participation in 320  modes 

97.6 % 97.8 % 
 

72.6 % 
 

Note : Only frequencies having mass participation greater then 1.0% of total mass have been 
mentioned. 



 
Table 3(b)   Dominant mode of vibration of Heat Exchangers 

and their supporting structure. 
 

 
Predominant 

Mode 

 
Frequency 

(Hz) 

 
% Mass  Participation 

 

(X-direction.) 2.03 52.58 
(Y-direction.) 2.58 38.12 
(Y-direction.) 2.87 19.66 
(Z-direction.) 9.04 8.37 
(Z-direction.) 11.37 4.29 
(Z-direction.) 15.51 3.42 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

                   Table 4 Allowable stresses in members of the structure 

Nature of stress Allowable stress 

Axially loaded 

tension members 

0.6 σy or ½ UTS 

Axially loaded 

Compression members 

(Slender most member) 

(62-63) 

Slenderness ratio 140⇒ 5.4 

Kg/mm2   (X direction buckling) 

Slenderness ratio 50 ⇒ 12.8 

Kg/mm2   (Y direction buckling) 

Members subjected to 

bending Tension or bending 

compression (compression 

flange restrained against 

lateral buckling) 

0.66 σy 

Bending Compression for 

compression flange not 

restrained against lateral 

buckling. (critical members 

8236-8250) 

d1/t= 32.6<85, T/t=1.81<2 

l/ryy=5525/2.65=208 

D/T=250/12.5=20⇒ σallow=8.6 

Kg/mm2 

Where, 
D= Over all depth of beam., 
d1=depth of the web, 
l=effective length of compression flange, 
 ryy= radius of gyration of the section about its axis of minimum strength.,  
T= mean thickness of the compression flange, is equal to the area of horizontal portion of    
flange divided by width.  
t= web thickness 



  

Appendix - 1 
 

Calculations for soil spring constants. 
   The supporting structure of the Heat Exchangers is founded on isolated footings at  all the  
columns.  The footings are of different sizes. In order to simplify the problem, the smallest 
isolated footing of the structure is considered for calculation of the soil spring constants . These 
spring constants are applied to all the twentyfive column bases and the free vibration analysis is 
carried out. This will give conservative results. The soil spring constants are obtained from the  
formulae  [10] as given below. The data  required for the calculations is as follows. 
L = length of the isolated footing=2.0 m 
B = Width of the isolated footing=2.0 m. 
h = depth of the footing embedment below grade.= 0.7 m 
ρs = Mass density of the soil.=2.55 Tonnes/m3 
Vs = Shear wave velocity in the soil.=1600 m/s 
Gs =Shear modulus of the soil. 
ns = Poisson’s ratio of soil.=0.15 
βx = Horizontal soil spring coefficient=1 
βz  = Vertical soil spring coefficient=2.1 
βϕ =Rocking soil spring coefficient.=.5 
ηx = Embedment coefficient for horizontal spring constant.  
    =1+0.6(1- ns)×h×(π/(B×L))0.5 = 1+0.6(1-0.15)×0.7×(π/2×2)0.5= 1.316 
ηz = Embedment coefficient for vertical spring constant. 
    =1+0.55(2- ns)×h×(π/(B×L))0.5 = 1+0.55(2-0.15)×0.7×(π/2×2)0.5= 1.631 
ηϕ = Embedment coefficient for rocking spring constant. 
     =1+1.2(1-ns)×h×(3π/(B×L3))0.25+0.2(2-ns)×[h×(3π/(B×L3))0.25]3 

        =1+1.2(1-0.15)×0.7×(3π/(2×23))0.25+0.2(2-0.15)×[.7×(3π/(2×23))0.25]3=1.711 
Gs =Shear modulus  = ρs Vs 

2 

     = (2.55/9.81)×16002  = 6.656 × 105 t/m2 
Horizontal spring constants : 
Kx = Ky = 2(1+ns )Gs βx (B×L)1/2 ηx 
            =2(1+0.15)×6.656×105 ×1×(2×2)1/2×1.316 =4029276.16 t/m 
Vertical spring constant : 
Kz = (Gs /(1-ns )) × βz×(B×L )1/2 ηz

 

     =  (6.656 ×105 /0.85)× 2.1×(2×2)1/2×1.631=5364109.6 t/m 
Rocking  spring constant : 
Kϕ = (Gs /(1-ns )) × βϕ×(B×L2 ) ηϕ

 

     = (6.656 ×105/0.85) × 0.5×2×22×1.711 =5359254.6 t-m 
Tortional spring constant : 
Equivalent radius = R =(B×L×(B2 + L2 )/6π)1/4 

                                             =(2×2×(4+4)/6×π)1/4  =1.141 m 
Kt = 16×Gs × R3 /3 
     = 16 × 6.656×105 ×  1.1412 /3 = 5279571.6 t-m. 



  

Appendix – 2 
 

Calculations  for  fundamental frequency of the structure 
The First fundamental frequency for bending of the cantilever beam  is found out from the 
formulae [8] given below : 
fb =  (λi

2 /2πl2)× (EI/µ)0.5 

Where, 
λI = 1.875 for first mode  
E = Young’s Modulus of Elasticity. 
I = Moment of Inertia of the structure about its axis of bending.  
µ= Mass per unit length of the beam 
l = Length of the beam. 
Data required for the calculation is given below: 
E=2.1 × 104 Kg/m2 
l = 19750 mm 
µ = 31.9 kg/mm/s2 
The  Heat Exchangers and tanks are mounted on the supporting structure at different heights of 
the structure. The total average height of the structure is about 19.75 m..It is not easily possible 
to calculate moment of inertia using the standard formula . However it can be easily calculated 
using Finite element method. In order to get the equivalent moment of inertia of the structure, the 
structure is subjected to 4000 Kg force at the top along direction X. The deflection obtained at 
the top is 5.02 mm. 
 The deflection of a cantilever beam is thus Wl3/3EI = 5.02 , where W=4000 Kg. 
Therefore, I= 4000×197503/(3×2.1×104×5.02) = 9.7435 × 1010 mm4 and 
fb = (1.8752 /2π×197502) ×(2.1×104×9.7435× 1010/(31.9/19750))0.5 
    = 1.62 Hz. 
The first fundamental frequency of the Heat Exchangers and its supporting structure found out 
from the computer Package COSMOS-M is 2.02 Hz in direction X. 
When the structure is subjected to 4000 Kg force at the top along direction Y , the deflection 
obtained at the top is 1.76 mm. 
 The deflection of a cantilever beam is thus Wl3/3EI = 1.76, where W=4000 Kg. 
Therefore, I= 4000×197503/(3×2.1×104×1.76) = 2.7791 × 1010 mm4 and 
fb = (1.8752 /2π×197502) ×(2.1×104×2.7791 × 1010/(31.9/19750))0.5 
    = 2.72 Hz. 
The first fundamental Frequency of the Heat Exchangers and its supporting structure found out 
from the computer Package COSMOS-M is 2.57 Hz in direction Y. The purpose of this 
calculation was to check that there is no gross error in the finite element model. The closeness of 
the frequencies indicates that the same has been verified. 
 
Note : The above calculations are done for a structure with uniform mass and stiffness . Since in 
the actual structure , mass and stiffness properties are not uniform ,the frequencies obtained from 

the calculations are not exact.



  

Appendix – 3 
 

Calculations   for   fundamental frequency of the Heat Exchangers CWX  7 & 8  
 

 The Heat Exchangers CWX 7 and 8 rest on ISMB500 beam with ISMC300 on the top. 
The length of the beam is 2.2 m. Each of the CWX is supported on 4 supports   two of 
which rest on the beam of 2.200 m length. The mass of each heat exchanger is 18.2 
tonnes. Thus the mass on each beam is 9.1 tonnes. The beam  have the support conditions 
similar to simply supported. For a simply supported beam,   the bending stiffness is given 
by the formulae  given below : 

K= 48EI/L3. 

Where, 
E = Young’s Modulus of Elasticity.= 2.1 × 105 N/mm2 
I = Moment of Inertia of the beam about  its axis of bending. = 0.641461×109mm4 
L = Length of the beam.=2200 mm. 
Data required for the calculation is given below: 
Therefore   K   = 48×2.1×105×0.641461×109/22003 
                          = 6.0724×108 N/m 
Mass on the beam = 9100 Kg 
Frequency= (K/M)0.5 

                = (6.0724×108/9100) 0.5 

                          = 41.1 Hz. 
 The vertical frequency of vibration of Heat Exchangers CWX7& CWX8 is 41 Hz.  Hence the 
mass of these Heat Exchangers does not participate in 320 modes which  covers frequencies upto 
33 Hz. 



  

Appendix – 4 
 

Calculations   for   fundamental frequency of the member 8236 of the supporting structure.  
 The  member 8236 is a ISMB250 beam. The length of the beam is 2.3 m. The load of the 

pipes on the beam is 2.0 tons. The beam have the support conditions similar to simply supported. 
For a simply supported beam  the bending stiffness is given by the formulae  given below : 
K= 48EI/L3. 

Where, 
E = Young’s Modulus of Elasticity. 
I = Moment of Inertia of the beam about  its axis of bending.  
L = Length of the beam. 
Data required for the calculation is given below: 
E=2.1 × 105 Kg/m2 
L = 4800 mm 
Iyy= 4.075×109 mm4 

Ixx= 5.0658×107 mm4 
 
 Therefore   Kyy   = 48×2.1×104×4.075×106/22003 
                          = 371437.5  N/m 
                    Kxx   = 48×2.1×104×5.0658×107/22003 
                          = 4.6173×106 N/m 
 
Mass on the beam = 2000 Kg 
Frequency in Horizontal direction = (1/2π) × (Kyy/M)0.5 

                                                       = (1/2π) × (371437. /2000) 0.5 

                                                                                      = 2.2 Hz. 
Frequency in vertical direction = (1/2π) × (K/M)0.5 

                                                  = (1/2π) × (4.6173×106 /2000) 0.5 

                                                                               = 7.65 Hz. 
 
It is  observed that the frequency of vibration in Horizontal direction i.e. 2.2 Hz. is close to the 
second global mode of vibration of the entire structure in Y-direction Hence a local mode of this 
member is observed in this mode. 
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1.  INTRODUCTION   : 
                            
       Heavy Water Plant (HWP) at Kota  is based on  H2S–H2O bi-thermal isotopic exchange 
process. Deuterium is extracted from water upto 15% in exchange unit followed by further 
enrichment to 99.8% in distillation unit. The plant also has other auxiliary units such as nitrogen 
generation and storage plant, water treatment plant, LPG system, steam plant, vent and flare 
system, process tanks, heat exchangers. etc. 
       The exchange unit is arranged in 3 stage cascade. The first stage handling large quantities of 
process water and H2S gas, consists of three pairs of cold and hot towers. The second stage and 
third stage each consists of one pair of cold and hot towers. The demineralised water enters the 
top of first stage of cold tower and travels down while hydrogen sulphide gas entering at the 
bottom of the tower meets the water in counter current way on tower internals and the exchange 
of deuterium takes place. In the cold tower, the water gets enriched  with respect to deuterium 
while the gas gets depleted in deuterium concentration. In the hot tower, the reverse reaction 
takes place i.e. the gas gets enriched. This is further enriched in a similar way in 2nd and 3rd 
stages. The enriched water from 3rd stage is stripped off its H2S in a product stripper and fed to 
the distillation unit for further enrichment upto nuclear grade. 
     The plant handles a large inventory of  200 tonnes of H2S  gas in process and 50 tonnes of 
H2S  gas as storage .  A large portion of about 50 tonnes of H2S dissolved in water is stored in 
the H2S storage tanks when the plant is in shutdown condition. There are in all 5 number of  H2S 
storage tanks. These tanks contains H2S gas stored under pressure of 3 N/mm2 and at operating 
temperature of 450 C.  These tanks are separated by huge walls 9.5 m long and 8m. high. Failure 
of these walls due to earthquake will cause pounding on these tanks and the tanks may fail. 

 H2S gas is very toxic, corrosive and hazardous in nature. Any accidental release of H2S 
gas to the environment will badly affect the human living in adjacent areas as well as to all plant 
personal of the four units of Rajasthan Atomic Power plant.  
       During the original design stage as per IS 1893-1966 seismic coefficient for zone-I 
was zero and as per IS 1893-1984  seismic coefficient for zone-I is 0.01.Therefore earthquake 
and its effects were not considered while designing the dump tanks and their supporting 
structure. Moreover, Heavy Water Plant , Kota is located close to the RAPP 1 &2  and RAPP 3 
&4  units . Any failure in H2S handling system of HWP Kota will affect these nuclear facilities 
and public near to the plant . Hence it is found necessary to do the seismic qualification of such a 
structure  which handles large quantities of toxic H2S gas . In this report , the seismic re-
evaluation of the H2S storage tanks  and their supporting structure along with the partition walls 
is presented.  
 
3.  GROUND MOTION :                       
 
       The seismic re-evaluation of the Heat Exchangers and its supporting  has  been  performed 
considering the ground motion having 0.03g peak ground acceleration and spectrum shape same 
as that of RAPP 3 &4 [1]. This ground motion will have 95% probability of non exceedence in a 
span of 50 years. The comparison of RAPP 3&4 spectra and IS 1893 spectra for 2% damping  is 
shown in Fig. 1. 
 
4.  FINITE ELEMENT MODEL OF H2S STORAGE TANKS  AND THE PARTITION 

WALLS : 



  

The plan of H2S storage tanks and the partition walls separating the tanks of HWP, Kota is 
shown in Fig.2. There are five cylindrical H2S storage tanks and three partition walls. The tanks 
and the partition walls are modeled separately.  

 
3.1 Finite element model of the H2S storage tanks  
 
The FEM model of a tank is shown in Fig. 3a.. The rnaterial for tank is SA-516 gr.70 and for 
saddle supports it is IS- 2062. All these tanks are supported on two steel saddle type supports. 
These saddle supports are 7m apart and situated at a distance of 3.5m from center of tank in both 
the direction. These steel saddle supports are supported on two concrete walls made up of M-20 
grade concrete. One of the saddle support is fixed to the wall while the other is kept sliding in 
horizontal X -direction. All dimensions of the five tanks are identical. The end portions of the 
tanks are hemispherical and the middle portion of the tanks is cylindrical of length 9m. The 
radius of the middle surface of both the hemispherical and  cylindrical portion of the tank  is 
1521 mm. The thickness of the hemispherical portion is 23 mm and  the thickness of cylindrical 
portion of the tank is 42 rnrn. The total length of the tanks is 12.084m. The dimensions of steel 
saddle supports of all five tanks are identical. The dimensions of walls supporting tanks are 
identical for first four tanks and is different for fifth one. The length, the height from ground 
level and the thickness of the walls is 3m, 2.8m and 0.6 m respectively for first four tanks and is 
3m, 2.65m and 0.45 m for fifth one. The dimensions of footings of first four tanks are identical 
and are different for fifth one.           
          Since all the dimensions of the first four tanks are same only one tank wih its saddle 
support and supporting wall is selected for analysis (termed as tank no.1) and the fifth one is 
analyzed separately also with its saddle support and the supporting wall (tank no.2). The tanks 
and their supporting structures were modeled using 4 - noded thin shell elements. Finite element 
models are made using COSMOS-M. There were in all 1495 elements and 2084 nodes in the 
tanks and their supporting structures. While modeling, the following assumption has been made.  
I. As the tanks are completely filled with H2S dissolved in water, the weight of the water is taken 
into account by increasing only the density of tank material and other properties remaining same. 
The increase in density of the tanks is given in Appendix-3.  

3.2 Finite element model of the Partition walls  
The FEM model of the partition wall is shown in Fig. 3b. The wall is 9.5m long and the height of 
the wall is 8 m. The thickness of the partition wall is a linearly varying thickness of 450 mm at 
the base and 200 mm at the top. The partition wall is modeled using 8-nodded SOLID element. 
Finite element models were made using COSMOS-M and the analysis is carried out.  
Material Properties:  
(1) The properties of the tank and saddle supports used for the analysis are: 

Young's Modulus of elasticity = 210000 N/mm2 

Mass density = 7850 Kg/m3 
Poisson's ratio =0.3  
(2) The Properties ofM-20 grade concrete used for analysis [15 ] are:  
Young's Modulus of elasticity =25491.2 N/mm2 
Mass density =2500 Kg/m3 
Poisson's ratio =0.25  
 



  

4. SOIL STRUCTURE INTERACTION  : 
          
The HWP, Kota  is located near the RAPP units, and therefore the soil data required for the soil 
structure interaction studies were taken  the same as that of RAPP site. The soil strata of the site 
is rocky [4] and the calculations for soil spring constants evaluated are given in Appendix 1. The 
free vibration analysis of the structure is  done considering the soil springs at all the nodes of the 
walls. 
 Frequencies of the structure obtained by considering the soil structure interaction is compared 
with those obtained by considering fixed base analysis as shown in Table 1. It is observed that 
the effect of the soil structure interaction on the tank 1 is less compared to the soil structure 
interaction on tank 2. This is so, because the footings for the tank No.2 are smaller in size 
compared to tank no 1. It is also observed that the effect of soil structure interaction on natural 
frequencies for both the tanks is negligible. Therefore, the static and dynamic analysis of the 
structure is carried out considering fixed base.  
 
5. ANALYSIS OF THE H2S STORAGE TANKS AND THE PARTITION WALL:  
 

It has been already mentioned that the analysis of the entire structure (two tanks along 
with their saddle supporting structures and the partition concrete wall) is done considering the 
tanks as shell elements. Dead load, pressure load, temperature load and earthquake load analysis 
is performed for the tanks and their supporting structure is explained henceforth.  

 
5.1. Dead Load Analysis :  
The dead load analysis is performed for the structures using COSMOS-M. A static analysis is 
carried out and the maximum values of the stresses, obtained from the analysis for the elements 
are tabulated in Table 3 and 4. The total mass of tank no.1 and tank no.2 is 140.8 Tonnes and 
133.3 Tonnes respectively. The total mass of the partition wall was 61.76 Tonnes. Maximum 
static dead load deflection of tank no.1 and 2 and their supporting structure is 1.426 mm. and 
1.43 mm. Maximum static dead load deflection of partition wall is obtained as 0.023 mm. The 
deflected shape of the tank and its supporting structure due to dead load is shown in Fig. 4a and 
that of the partition wall is shown in Fig.4b. The maximum stress due to dead load was 1.769 
Kg/mm2 at element no.520 of the tank and 0.031 Kg/mm2 in el. No. of partition wall.  
 
 
 
5.2 Pressure Load Analysis: 
  As the tank were always filled with water of an operating pressure of 0.34 Kg/mm2, pressure 
load analysis was done by applying uniform pressure of 0.34 Kg/mm2 internally in the tank. The 
maximum stress due to pressure load was 12.81 Kg/mm2 in element no 31 for both the tanks. 
The deflected shape of the tank and its supporting structure due to pressure load is shown in Fig. 
5.  
 
5.3 Earthquake Load Analysis :  
 
The free vibration frequency analysis and also the dynamic analysis are canied out using 
COSMOS-M. The fundamental frequency of vibration of the tanks and its supporting structures 
is found to be 6.023 Hz in the X-direction, 6.208 Hz in Z- direction and 40.05 Hz in y- direction 
for tank no.1 and 4.836 Hz in the X-direction. 5.946 Hz in Z-direction and 39.48 Hz in y -
direction for tank no.2. The fundamental frequency of vibration of the wall is found to be 4.21 



  

Hz. in Z- direction and 55.29 Hz. in X- direction and in 117.57 in Y -direction. The mode shapes 
of the tank and its supporting structure are shown in Fig.6 to Fig. 8. The mode shapes of the 
partition wall are shown in Fig.9 to Fig.11. The calculated frequencies and mass participation are 
shown in Table 2( a) to Table 2( e ). A gross check on the fundamental frequency obtained by 
using the software is made with hand calculations (Appendix 2. ). According to NUREG/CR-
0098, the damping value to be considered for re-evaluation for the tanks is 7 % of critical and for 
the concrete is 7 -10 % of critical. For conservative results , the damping considered for the 
analysis is 7% of critical. Therefore, response spectrum method is used for the seismic analysis 
of the structure using the spectra for the damping of 7 %. The spectra for 7 % damping has been 
shown in Fig. 12. The earthquake excitations are simultaneously applied in three directions for 
the tanks, two horizontal and one vertical. The peak ground acceleration considered for 
horizontal direction is 0.03g while that considered for vertical direction is 2/3rd of peak ground 
horizontal acceleration. The responses due to the three directional excitations are combined using 
SRSS method. The analysis is perfo11ned for 120 modes. This covered frequencies unto 162.55 
Hz. for first tank and 162.72 Hz for second tank. The total mass participation from all the 120 
modes was 92.8% and 90.8% in horizontal X and Z directions respectively and the mass 
participation along vertical (Y) direction from these 120 modes was 84.2% for tank no.1. The 
total mass participation from all the 120 modes for tank no.2 was 94.8,92.6% and 88.3% in X, Z 
and Y direction respectively. So, the missing mass participation in vertical direction (i.e., the 
deviation from the prescribed 90% mass participation) was 5.8% and 1.7% for tank no.1 and tank 
no.2 respectively. The maximum stress in the tank and its supporting structure due to the dead 
load of 0.02g  (i.e. 2/3x 0.03g) acceleration in vertical direction is found to be negligible (i.e 
0.035 Kg/mm2). Hence the missing mass correction in vertical direction gives very less stresses 
and is neglected.  

The analysis is performed for l00 modes for the partition wall. This covered  frequencies 
upto 446.05 Hz. The total mass participation from all the 100 modes for the wall was 91.7,91.8% 
and 85.8% in X, Z and Y direction respectively.  
 
6. STRESS CHECK:  
 
The stresses due to dead load. earthquake load. and pressure load for tank no.1 and , tank no.2 
are tabulated, in Table 3(a) and 3(b) respectively, for saddle supports of both the tanks in Table 
3(c) and 3(d), and for the supporting concrete wall in Table 3(e) and 3(!). The  combination of 
stresses due to dead load and earthquake load for the partition wall is given in table 4. It can be 
observed, from the tables that the stresses obtained in the tanks and the saddle support are small 
compared to the allowable stresses. The stresses in the partition wall due to earthquake and self 
weight are negligible.  
 
6.1 Combination of stresses:  
The applicable design code for the tank is ASME section III, subsection ND, class3  components. 
Service level D is more appropriate for re-evaluation because, it deals with the events which 
have extremely low probability of occurrence such as seismic loads. The intent of this code will 
be used for re-evaluation of HWP, Kota. According to this code for level D condition different 
loads to be considered for re-evaluation are dead weight, pressure along with the seismic load 
assuming that it is acting in the most unfavorable direction. The temperature load is not 
considered in this load case. Thus, even though the tanks are having an operating temperature of 
45° C , the steady state temperature analysis is not performed.  



  

The stresses due to dead weight, earthquake, and pressure were combined and combined stresses 
are checked with the. allowable stresses. The comparison of combined stresses for critical 
members is also shown m Table 3(a) to 3(f) and Table 4.  
 
6.2 Permissible stresses: 
  For seismic re-evaluation of the structure according to service level D of ASME section 
III , subsection ND, [5] stress limit for the equipment is given as 2S. Where S is the maximum 
allowable stress limit for the specified material. For the tank vessel material having grade SA-
516 gr. 70, S is given m ASME section II [9]. The yield stress (σy) is 26.77 N/inm2 and ultimate 
tensile strength (σu) is 49.32 N/mm2 and S will be equal to 12.33 N/mm2. The permissible stress 
limit for the tank vessel is 24.66 Nlmm2. The plates of saddle support were p confom1ing to IS: 
2062-1984 specifications. which were for weldable structural steel. From IS: 2062-1984 code the 
minimum yield stress and ultimate tensile strength for the above material for thickness more than 
20 mm was 25 Kg/mm2 and 41 Kg/mm2. The permissible stress is obtained from ASME section 
ill, Subsection NF which gives the allowable stresses for supports of the equiprnents as 2S , 
where S is equal to 10.25 Kg/mm2. There fore the allowable stress in supports is 20.5 Kg/mm2 .  
The permissible compressive stresses for M-20 grade concrete was taken from IS: 456-1978 as 
0.5 Kg/mm2 in direct compression and 0.7 Kg/mm2 in bending compression. For earthquake 
loads, the allowable stresses in concrete will be increased by 33 % as given in IS1893. Thus the 
permissible stress in concrete for direct compression is 0.665 Kglmm2 and for bending 
compression is 0.931 Kg/mm2 . 
 
7. CONCLUSIONS:  
 
The following conclusions are drawn from the seismic re-evaluation of the process tanks and 
their supporting structure of heavy water plant, Kota.  

1. The fundamental frequency of vibration of the tanks and its supporting structures was 
found to be 6.023 Hz in the X-direction, 6.208 Hz in Z- direction and 40.05 Hz in y- 
direction for tank no.1and 4.836 Hz in the X-direction, 5.946 Hz in Z-direction and 39. 
56 Hz in y- direction for tank no.2. The fundamental frequency of vibration of the wall 
was found to be 4.21 Hz. in Z-direction and 55.29 Hz. in x- direction and in 117.57 in y -
direction. The effect of soil structure interaction on the natural frequencies is negligible. 
Hence the analysis is carried out considering fixed base.  

2. The combined stresses due to dead load, earthquake load and water pressure load for the 
storage tanks and the supporting structure are found well within acceptable limits. The 
combined stresses due to dead load and earthquake load for the partition wall are 
negligible.  

3.  It is observed from Table 3(a) to 3(d) that the maximum stresses due to pressure load are 
higher compared to the dead load and earthquake load. The stress margin available for 
the tanks when 7% damping is considered is a factor of 18. The stress margin available 
for the concrete supporting walls of tank l is a factor of 9.07 and that available for the 
concrete supporting walls of tank 2 is a factor of 6.07. The stress margin available for the 
partition wall is a factor of 27. 

4.  From the detailed study presented in this report,  it can be said that the H2S storage tanks  
and their supporting structure along with the partition walls are safe  for RAPP 3 & 4 
ground motion with 0.03g ZPA. 
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Fig.1 Comparison of RAPP 3&4 spectra and IS 1893 spectra for 2% 
damping 
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Note: The data for IS 1893-1984 spectra has been obtained from the plot given in IS 1893-
1984. The plot is not very clear between the frequency range 10 Hz to 33 Hz. Within the 
frequency of 10 Hz and 33 Hz the variation of acceleration is considered to be linear. 
Therefore  IS 1893-1984 spectra has  values of acceleration greater than RAPP 3&4 ground 
spectra for frequencies in between  10Hz to 33 Hz. 
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Fig 3a FEM model of H2S storage tank and 
its supporting structure. 

Fig 3b FEM model of the Partition wall. 
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Fig. 4a Deflected shape of the tank and its 
supporting structure  due to self weight. 

Maximum Deflection = 1.43 mm 

Fig. 4b Deflected shape of the partition wall   
due to its self weight. 

 Maximum deflection = 0.023 mm 



  

Fig. 5 Deflected Shape of the tank due to 
operating  pressure of 3 N/mm2 



  

Fig. 6 Mode shape of the tank in X- direction. 
          Tank No.1 Frequency = 6.21 Hz, Mass participation= 85.7 % 
          Tank No.2 Frequency = 4.83 Hz, Mass participation=89.6 % 



  

Fig. 7  Mode shape of the tank in Z- direction. 
          Tank No.1 Frequency = 6.02 Hz, Mass participation=52.2 % 
          Tank No.2 Frequency = 5.946 Hz, Mass participation=55.6% 



  

Fig. 8  Mode shape of the tank in Y- direction. 
          Tank No.1 Frequency = 40.05 Hz, Mass participation= 37.4 % 
          Tank No.2 Frequency = 39.57 Hz, Mass participation= 32.5 % 



  

Fig. 9  Mode shape of the Partition wall in Z- direction. 
           Frequency = 4.215 Hz,  Mass participation =50.1 %  



  

Fig. 10  Mode shape of the Partition wall in X- direction. 
             Frequency = 55.28  Hz,  Mass participation = 60.1 % 



  

 

Fig. 11  Mode shape of the Partition wall in Y- direction. 
             Frequency =117.57 Hz,  Mass participation = 70.8 % 
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Table 1(a) Comparison of frequencies of H2 S storage tank no. 1 with fixed base and with  
soil  springs. 

 
  FREQUENCY 

   NUMBER 
FREQUENCY * 

(Hz) 
FREQUENCY ** 

(Hz) 
1 6.02 5.92 
2 6.21 6.11 
3 13.67 13.64 
4 18.06 17.97 
5 22.26 20.43 
6 23.33 23.3 
7 26.7 25.61 
8 27.33 27.03 
9 36.71 36.64 
10 37.37 36.98 
11 38.02 37.46 
12 38.37 37.67 
13 39.9 39.61 
14 40.05 38.95 
15 41.05 40.95 

*    FREQUENCY WITH FIXED BASE 
**  FREQUENCY WITH SOIL SPRING 

 
Table 1(b) Comparison of frequencies of H2 S storage tank no. 2 with fixed base and with  

soil  springs. 
 

  FREQUENCY 
   NUMBER 

FREQUENCY * 
(Hz) 

FREQUENCY ** 
(Hz) 

1 4.83 4.71 
2 5.95 5.82 
3 13.64 13.62 
4 17.99 17.88 
5 21.3 19.67 
6 23.3 23.24 
7 26.16 25.16 
8 27.02 26.71 
9 33.53 36.33 
10 36.69 36.15 
11 37.33 36.79 
12 37.81 37.51 
13 38.21 37.93 
14 39.57 39.02 
15 40.17 40.08 

*    FREQUENCY WITH FIXED BASE 
**  FREQUENCY WITH SOIL SPRING 



  

 
Table 2(a)   Frequencies and mass participation  of H2 S storage tank no. 1. 

 
Predominant 

Mode 
Frequency 

(Hz) 
 

Effective mass  
Participation in X-dir 
Kg-sec2/mm     %age 

Effective mass 
Participation in Y dir. 

Kg-sec2/mm        %age 

Effective mass 
Participation in Z dir. 
Kg-sec2/mm      %age 

1 6.023 0 0 0 0 7.344 52.2 
2 6.028 12.074 85.7 0 0 0 0 
3 13.66 0 0 3.11 22.1 0 0 
4 18.05 0 0 0 0 0.2 1.43 
6 23.33 0 0 .77 5.47 0 0 
7 26.69 0 0 .476 0 1.397 9.92 

11 38.01 0 0 0 3.47 .488 3.33 
12 38.367 0 0 1.149 8.17 0 0 
13 39.901 .768 5.46 0 0.0 0 0 
14 40.05 0 0 5.26 37.4 0 0 
15 41.053 0 0 0 0 2.844 20.2 
19 56.164 0 0 .235 1.67 0 0 
46 95.421 0 0 .196 1.39 0 0 
48 100.78 0 0 .578 4.11 0 0 

108 159.342 0 0 0 0 .144 1.03 
Total  % Mass 

Participation in 120  modes 
92.8 % 84.2 % 

 
90.8 % 

 
 

Note : Only frequencies having mass participation greater then 1.0% of total mass have been 
mentioned. 

 
 
 

Table 2(b)   Dominant mode of vibration of H2 S storage tank no. 1. 
 
 

 
Predominant 

Mode 

 
Frequency 

(Hz) 

 
% Mass  Participation 

 

(X-direction.) 6.208 89.8 
(Z-direction.) 6.023 52.5 
(Y-direction.) 13.68 22.4 
(Y-direction.) 40.05 37.4 
(Z-direction.) 41.053 20.0 

 
 
 
 



  

 
 

Table 2(c)   Frequencies and mass participation  of H2 S storage tank no. 2. 
 

Predominant 
Mode 

Frequency 
(Hz) 

 

Effective mass  
Participation in X-dir 
Kg-sec2/mm     %age 

Effective mass 
Participation in Y dir. 

Kg-sec2/mm        %age 

Effective mass 
Participation in Z dir. 
Kg-sec2/mm      %age 

1 4.836 11.952 89.6 0 0 0 0 
2 5.946 0 0 0 0 7.420 55.6 
3 13.341 0 0 3.14 23.6 0 0 
4 17.988 0 0 0 0 0.22 1.66 
6 23.299 0 0 .789 5.92 0 0 
7 26.163 0 0 0 0 1.458 10.9 
9 33.530 0.549 4.128 0 0 .412 3.03 

12 37.811 0 0 0 0 0 0 
13 38.212 0 0 2.113 15.80 0 0 
14 39.569 0 0 4.331 32.5 0 0 
15 40.172 0 0 0 0 2.167 16.2 
19 56.104 0 0 .215 1.62 0 0 
49    100.08 0 0 .472 3.54 0 0 

Total  % Mass 
Participation in 120  modes 

94.8 % 88.3 % 
 

92.6 % 
 

 
Note : Only frequencies having mass participation greater then 1.0% of total mass have been 

mentioned. 
 
 

 
 
 

Table 2(d)   Dominant mode of vibration of H2 S storage tank no. 2. 
 
 

 
Predominant 

Mode 

 
Frequency 

(Hz) 

 
% Mass  Participation 

 

(X-direction.) 4.836 89.6 
(Z-direction.) 5.94 55.6 
(Y-direction.) 13.64 23.6 
(Y-direction.) 38.212 15.8 
(Y-direction.) 59.569 32.5 
(Z- direction.) 40.172 16.2 

 
 
 
 
 



  

 



  

 
Table 2(e)   Frequencies and mass participation  of concrete Partition wall. 

 
Predominant 

Mode 
Frequency 

(Hz) 
 

Effective mass  
Participation in X-dir 
Kg-sec2/mm     %age 

Effective mass 
Participation in Y dir. 

Kg-sec2/mm        %age 

Effective mass 
Participation in Z dir. 
Kg-sec2/mm      %age 

1 4.215 0 0 0 0 3.097 50.1 
4 19.36 0 0 0 0 1.204 19.5 
8 48.39 0 0 0 0 0.52 8.42 

12 55.28 3.71 60.1 0 0 0 0 
17 91.42 0 0 0 0 0.295 4.79 
22 117.57 0 0 4.371 70.8 0 0 
25 127.81 1.198 19.4 0 0 0 0 
27 147.22 0 0 0 0 0.18 2.96 
36 184.64 0 0 .19 3.08 0 0 
38 192.10 .229 3.72 0 0 0 0 
42 215.61 0 0 0 0 0.125 2.02 
50 259.12 .247 4.01 0 0 0 0 
60 295.09 0 0 0 0 0.071 1.15 
67 317.00 0 0 0 10.5 0 0 
85 385.51 0 0 .648 0 0.069 1.12 

Total  % Mass 
Participation in 120  modes 

91.7 % 85.8 % 
 

91.8 % 
 

 
Note : Only frequencies having mass participation greater then 1.0% of total mass have been 

mentioned. 
 

 
Table 2(d)   Dominant mode of vibration of the wall. 

 
 

 
Predominant 

Mode 

 
Frequency 

(Hz) 

 
% Mass  Participation 

 

(Z-direction.) 4.215 50.1 
(Z-direction.) 19.36 19.5 
(X-direction.) 55.28 60.1 
(Y-direction.) 117.57 70.8 
(X-direction.) 127.81 19.4 
(Y- direction.) 317 10.5 

 
 



  

 
 
 

Table 3 (a) Stresses in the H2 S storage tank no. 1. 
Permissible stress = 24.66 Kg/mm2 

 
 

ELEMENT 
 

σdl  
kg/mm2 

σel 
7% damping 

kg/mm2
 

 

σp  
kg/mm2 

(σel1+σdl  σp ) 
7% damping 

kg/mm2 

520 1.769 0.542 10.39 12.701 
849 1.539 0.52 11.62 12.701 
91 0.12 0.004 12.76 12.884 

216 1.623 0.601 11.29 13.514 
79 0.15 0.448 12.78 13.378 

885 1.18 0.49 10.89 12.56 
85 0.15 0.007 12.75 12.907 

179 0.75 0.26 11.61 12.62 
103 .12 0.008 12.8 13.49 
73 .11 0.005 12.8 12.91 

321 1.548 0.497 10.52 12.56 
109 0.15 0.008 12.8 12.95 
97 0.1 0.009 12.78 12.88 
67 0.06 0.008 12.80 12.87 

1078 0.14 0.006 12.76 12.91 
1006 0.12 0.006 12.81 12.94 

31 0.12 0.007 12.81 12.93 
180 1.03 0.395 10.86 12.29 
501 1.51 0.437 9.99 11.93 
340 1.38 0.409 9.92 11.71 
179 0.45 0.201 10.09 10.74 
850 0.5 0.208 10.05 10.77 
886 0.49 0.215 10.07 10.78 
215 0.50 0.215 9.97 10.68 
92 0.21 0.07 9.25 9.54 

 
where, 
 σel1=stress due to earthquake load using response spectrum method for 7% damping. 
σdl  = stress due to self wt 
σp = stress due to water pressure in tank 
 
 *The details of the location of the elements is shown in  Fig. 3a. 
 



  

Table 3 (b) Stresses in the H2 S storage tank no. 2. 
Permissible stress = 24.66 Kg/mm2 

 
 

ELEMENT 
 

σdl  
kg/mm2 

σel 
7% damping 

kg/mm2
 

 

σp  
kg/mm2 

(σel1+σdl  σp ) 
7% damping 

kg/mm2 

849 1.539 0.52 11.62 13.69 
216 1.632 0.6074 11.316 13.55 
91 0.143 0.0367 12.76 12.939 
85 0.129 0.042 12.75 12.923 

885 1.179 0.422 10.906 12.503 
73 0.157 0.0411 12.803 13.002 

103 0.165 0.032 12.797 12.991 
97 0.159 0.033 12.78 12.968 
67 0.179 0.0353 12.801 13.016 

520 1.769 0.546 10.4 12.715 
109 0.156 0.034 12.805 12.993 
321 1.549 0.501 10.53 12.549 
31 0.155 0.042 12.81 13.01 

1078 0.126 0.038 12.756 12.92 
1006 0.153 0.04 12.81 13.008 

79 0.135 0.044 12.179 12.357 
501 1.498 0.0443 9.989 11.934 
340 1.378 0.0412 9.934 11.724 
886 0.493 0.217 10.076 10.788 
179 0.449 0.203 10.101 10.757 
850 0.504 0.21 10.074 10.759 
215 0.497 0.216 9.98 10.691 
92 0.164 0.041 9.254 9.458 

 
where, 
 σel1=stress due to earthquake load using response spectrum method for 7% damping. 
σdl  = stress due to self wt 
σp = stress due to water pressure in tank 
 
 *The details of the location of the elements is shown in  Fig. 3a. 
 
 
 
 
 
 



  

 
 
 

Table 3 (c) Maximum Stresses in the steel saddle support  of H2 S storage tank no. 1. 
Permissible stress = 20.05 Kg/mm2 

 
 

Node No. 
 

σdl  
kg/mm2 

σel 
7% damping 

kg/mm2
 

 

σp  
kg/mm2 

(σel1+σdl  σp ) 
7% damping 

kg/mm2 

1155 1.254 0.084 6.03 7.368 
1123 1.04 0.223 6.064 7.327 
1171 1.036 0.083 6.023 7.142 
1138 0.844 0.1 6.286 7.23 
1169 1.232 0.245 5.746 7.223 
1170 8.842 0.082 6.216 7.14 
1137 1.296 0.218 5.769 7.283 
1140 1.13 0.206 .19 6.626 
1156 1.243 0.202 5.375 6.82 
1124 1.208 0.223 5.18 6.611 

 
Table 3 (d) Maximum Stresses in the steel saddle support  of H2 S storage tank no. 2. 

Permissible stress = 20.05 Kg/mm2 
 

Node No. 
 

σdl  
kg/mm2 

σel 
7% damping 

kg/mm2
 

 

σp  
kg/mm2 

(σel1+σdl  σp ) 
7% damping 

kg/mm2 

1138 0.839 0.083 6.332 7.27 
1137 1.298 0.431 5.944 7.68 
1123 0.855 0.272 6.413 7.28 
1169 1.234 0.175 5.795 7.22 
1155 0.874 0.04 5.972 6.89 
1170 0.847 0.04 6.26 7.15 
1171 0.534 0.125 5.624 6.67 
1124 1.211 0.239 5.408 6.84 
1156 1.244 0.198 5.258 6.71 
1140 1.132 0.328 5.795 6.26 

 
where, 
 σel1=stress due to earthquake load using response spectrum method for 7% damping. 
σdl  = stress due to self wt 
σp = stress due to water pressure in tank 
 
 *The details of the location of the elements is shown in  Fig. 3a. 
 



  

Table 3 (e) Maximum Stresses in the concrete supporting wall   of H2 S storage tank no. 1. 
Permissible stress = 0.665 Kg/mm2 (direct compression) and 0.931 Kg/mm2 (bending 

compression) 
 

 
Node No. 

 
σdl  

kg/mm2 
σel 

7% damping 

kg/mm2
 

 

σp  
kg/mm2 

(σel1+σdl  σp ) 
7% damping 

kg/mm2 

1244 0.04 0.119 0.007 0.166 
1314 0.04 0.119 0.007 0.166 
1324 0.042 0.114 0.004 0.16 
1234 0.042 0.105 0.004 0.151 
1305 0.046 0.012 0.047 0.105 
1415 0.042 0.011 0.05 0.103 
1235 0.045 0.01 0.047 0.102 
1345 0.042 0.01 0.048 0.100 

 
Table 3 (f) Maximum Stresses in the concrete supporting wall   of H2 S storage tank no. 2. 

Permissible stress = 0.665 Kg/mm2 (direct compression) and 0.931 Kg/mm2 (bending 
compression) 

 
 

Node No. 
 

σdl  
kg/mm2 

σel 
7% damping 

kg/mm2
 

 

σp  
kg/mm2 

(σel1+σdl  σp ) 
7% damping 

kg/mm2 

1244 0.046 0.184 0.007 0.237 
1314 0.046 0.184 0.007 0.237 
1324 0.054 0.175 0.004 0.235 
1234 0.054 0.162 0.004 0.221 
1305 0.063 0.024 0.056 0.143 
1235 0.063 0.018 0.056 0.137 
1415 0.056 0.014 0.064 0.134 
1345 0.056 0.014 0.061 0.131 

 
where, 
 σel1=stress due to earthquake load using response spectrum method for 7% damping. 
σdl  = stress due to self wt 
σp = stress due to water pressure in tank 
 
 *The details of the location of the elements is shown in  Fig. 3a. 

 
 
 
 
 



  

 
 
 

Table 4 Maximum Stresses in the Concrete Partition wall  
Permissible stress = 0.665 Kg/mm2 (direct compression) and 0.931 Kg/mm2 (bending 

compression) 
 

 
Element. 

 
σdl  

kg/mm2 
σel 

7% damping 

kg/mm2
 

 

(σel1+σdl  ) 
7% damping 

kg/mm2 

611,612 0.0173 0.0137 0.0310 
579,580 0.0169 0.0169 0.0305 
228,227 0.0181 0.0122 0.0303 
291,292 0.0181 0.0121 0.0302 
387,388 0.0181 0.0121 0.0302 
547,548 0.0169 0.0128 0.0297 
613,614 0.0179 0.0116 0.0295 
609,610 0.0141 0.0141 0.0282 

 
where, 
 σel1=stress due to earthquake load using response spectrum method for 7% damping. 
σdl  = stress due to self wt 
 
*The details of the location of the elements is shown in  Fig. 3b. 
 
 
 
 
 
 



  

APPENDIX - 1 
 

Calculations for soil spring constants. 
   The supporting structure of the H2S tank is founded on isolated footings at  both the walls.  The 
footings are rectangular. These spring constants are applied to all the nodes at ground level of the 
supporting walls and the free vibration analysis is carried out. This will give conservative results. 
The soil spring constants are obtained from the  formulae  [10] as given below. The data  
required for the calculations is as follows. 

For Tank. No. 1 
L = length of the isolated footing=3.0 m 
B = Width of the isolated footing=2.0 m. 
h = depth of the footing embedment below grade.= 0.65 m 
ρs = Mass density of the soil.=2.55 Tonnes/m3 
Vs = Shear wave velocity in the soil.=1600 m/s 
Gs =Shear modulus of the soil. 
ns = Poisson’s ratio of soil.=0.15 
βx = Horizontal soil spring coefficient=1 
βz  = Vertical soil spring coefficient=2.1 
βϕ =Rocking soil spring coefficient.=.5 
ηx = Embedment coefficient for horizontal spring constant.  
    =1+0.6(1- ns)×h×(π/(B×L))0.5 = 1+0.6(1-0.15)×0.7×(π/2×3)0.5= 1.24 
ηz = Embedment coefficient for vertical spring constant. 
    =1+0.55(2- ns)×h×(π/(B×L))0.5 = 1+0.55(2-0.15)×0.7×(π/(2×3))0.5= 1.478 
ηϕ = Embedment coefficient for rocking spring constant. 
     =1+1.2(1-ns)×h×(3π/(B×L3))0.25+0.2(2-ns)×[h×(3π/(B×L3))0.25]3 

        =1+1.2(1-0.15)×0.7×(3π/(2×33))0.25+0.2(2-0.15)×[.7×(3π/(2×33))0.25]3=1.456 
Gs =Shear modulus  = ρs Vs 

2 

     = (2.55/9.81)×16002  = 6.656 × 105 t/m2 
Horizontal spring constants : 
Kx = Ky = 2(1+ns )Gs βx (B×L)1/2 ηx 
            =2(1+0.15)×6.656×105 ×1×(2×3)1/2×1.24 =4649371. 649 t/m 
Vertical spring constant : 
Kz = (Gs /(1-ns )) × βz×(B×L )1/2 ηz

 

     =  (6.656 ×105 /0.85)× 2.1×(2×3)1/2×1.478=5955685.013 t/m 
Rocking  spring constant : 
Kϕ = (Gs /(1-ns )) × βϕ×(B×L2 ) ηϕ

 

     = (6.656 ×105/0.85) × 0.5×3×22×1.456 = 6840658.35 t-m 
Tortional spring constant : 
Equivalent radius = R =(B×L×(B2 + L2 )/6π)1/4 

                                             =(6×(4+9)/6×π)1/4  =1.426 m 
Kt = 16×Gs × R3 /3 
     = 16 × 6.656×105 ×  1.4262 /3 = 7221190.149 t-m. 
 

For Tank. No. 2 
L = length of the isolated footing=3.0 m 
B = Width of the isolated footing=1.75 m. 
h = depth of the footing embedment below grade.= 0.55 m 



  

ρs = Mass density of the soil.=2.55 Tonnes/m3 
Vs = Shear wave velocity in the soil.=1600 m/s 
Gs =Shear modulus of the soil. 
ns = Poisson’s ratio of soil.=0.15 
βx = Horizontal soil spring coefficient=1 
βz  = Vertical soil spring coefficient=2.1 
βϕ =Rocking soil spring coefficient.=0.5 
ηx = Embedment coefficient for horizontal spring constant.  
    =1+0.6(1- ns)×h×(π/(B×L))0.5 = 1+0.6(1-0.15)×0.55×(π/(1.75×3))0.5= 1.217 
ηz = Embedment coefficient for vertical spring constant. 
    =1+0.55(2- ns)×h×(π/(B×L))0.5 = 1+0.55(2-0.15)×0.55×(π/(1.75×3))0.5= 1.433 
ηϕ = Embedment coefficient for rocking spring constant. 
     =1+1.2(1-ns)×h×(3π/(B×L3))0.25+0.2(2-ns)×[h×(3π/(B×L3))0.25]3 

        =1+1.2(1-0.15)×0.55×(3π/(1.75×33))0.25+0.2(2-0.15)×[.7×(3π/(1.75×33))0.25]3=1.393 
Gs =Shear modulus  = ρs Vs 

2 

     = (2.55/9.81)×16002  = 6.656 × 105 t/m2 
Horizontal spring constants : 
Kx = Ky = 2(1+ns )Gs βx (B×L)1/2 ηx 
            =2(1+0.15)×6.656×105 ×1×(1.75×3)1/2×1.217=426899. 408 t/m 
Vertical spring constant : 
Kz = (Gs /(1-ns )) × βz×(B×L )1/2 ηz

 

     =  (6.656 ×105 /0.85)× 2.1×(1.75×3)1/2×1.432=5398966.948 t/m 
Rocking  spring constant : 
Kϕ = (Gs /(1-ns )) × βϕ×(B×L2 ) ηϕ

 

     = (6.656 ×105/0.85) × 0.5×3×1.752×1.456 = 5011896.436 t-m 
Tortional spring constant : 
Equivalent radius = R =(B×L×(B2 + L2 )/6π)1/4 

                                             =(5.25×(3.065+9)/6×π)1/4  =1.353 m 
Kt = 16×Gs × R3 /3 
     = 16 × 6.656×105 ×  1.3532 /3 = 6506685.187 t-m. 



  

APPENDIX-2 
 

CALCULATIONS FOR FUNDAMENTAL FREQUENCY OF THE STRUCTURE 
 

1. The Tanks And Its Supporting structure  
The tanks were mounted on the steel saddle supporting structure and which in turn supported on 
concrete walls. The mode shape of the tank and its supporting structure is shown in fig. 6 to Fig. 
8. The frequency of the tank with its supporting structure is obtained by assuming the tank as a 
lumped mass and the supporting structure as a beam.  
The structure is subjected to 190700 Kg force along all the nodes of the tank along direction X 
and Z. The maximum deflection obtained for the structure was at the nodes where forces were 
applied and was 6.24rnrn in X-direcion and 8.20rnrn in z-direction for tank no.1.  
The overall stiffiness of the structure in Z direction is Kz= 190700/8.2 = 23256.098 Kg/rnrn.  
The overall stiffiness of the structure in X direction is Kx= 190700/6.24 = 30560.897 Kg/rnrn.  
The mass of the tank is 14.08 Kg-s2/rnrn  
Frequency of the tank in Z direction is fb = (Kz/m)0.5 /2π  
                                                                    = ( 23256.098/14.08))0.5/2π 

= 6.46 Hz.  
Frequency of the tank in X direction is fb = (Kx/m)0.5 /2π  
                                                                   = (30560.897 /14.08))0.5/2π  

= 7.41 Hz.  
The first fundamental frequency of the H2S storage tank no.1 and its supporting structure found 
out from the computer Package COSMOS-M was 6.02 Hz in Z-direction and 6.21 Hz. in X 
direction. The closeness of the frequencies indicates that the same has been verified.  
 

Note: The above calculations are done for a structure with uniform stiffness and lumped mass. 
Since in the actual structure, stiffness properties are not uniform ,the frequencies obtained from 
the calculations are not exact.  

 

 



  

 

2. Partition walls separating the tanks  
The First fundamental frequency for bending of the cantilever beam is found out from the 
formulae [8] given below:  
fb =  (λi

2 /2πl2)× (EI/µ)0.5  where 
λ= 1.875 for first mode  
E = Young's Modulus of Elasticity =2.5491 x 103 Kg/rnrn2.  
I = Moment of Inertia of the structure about its axis of bending. 
µ= Mass per unit length of the beam= 6.176 kg/mm/s2  
l = Length of the beam = 9500 rnm  
The total height of the wall is 9.5 m. In order to get the equivalent moment of inertia of the 
structure, the structure is subjected to 6300 Kg force at the top along direction Z. The deflection 
obtained at the top is 9.388 rnm.  
The deflection of a cantilever beam is thus W13/3EI = 9.388 , where W=6300 Kg.  
Therefore, I= = 7.5237 x 1010 rnrn4 and  
fb = (1.8752 /2πx95002) x(2.5491x103x7.5237x 1010/(6.176/9500))0.5 = 3.37 Hz.  
The first fundamental frequency of the Partition walls obtained from the computer Package  
 COSMOS-M  is 4.2 Hz  in direction Z.  
 When the structure is subjected to 6300 Kg force at the top along direction X, the deflection '; 
obtained at the top is 0.0391 rnrn. 
 The deflection of a cantilever beam is thus W13/3EI = 0.0391, where W=6300 Kg.  
Therefore, I= 6300x95003/(3x2.5491x103x0.0391) = 1.8065 x 1013 rnrn4 and  
fb = (1.8752 /2πx95002) x(2.5491x103x1.8065x 1013/(6.176/9500))0.5 =52.178 Hz.  
The first fundamental Frequency of the Partition wall obtained from the computer Package 
COSMOS-M is 55 Hz in direction X. The purpose of this calculation was to check that there is 
no gross error in the finite element model. The closeness of the frequencies indicates that the 
same has been verified.  
 
Note: The above calculations are done for a structure with uniform mass and stiffness. Since in 
the actual structure, mass and stiffness properties are not uniform ,the frequencies obtained from 
the calculations are not exact.  



  

 

APPENDIX-3 
 

CALCULATION OF EOUIVALENT DENSITY OF TANK MATERIAL CONSIDERING 
MASS OF STORED WATER 

Diameter of middle surface of the tank = 1521mm  
Thickness of hemispherical portion = 23mm 
 Thickness of cylindrical surface = 42mm 
 Length of cylindrical surface = 9000mm  
Internal volume of the tank = 4/3xπx(1521-11.5)3 +π x(1521-21)2x9000  
= (1.4407 x (10)10 +6.3617 x ( 10)10)mm3  
= 78.0247 m 3 

Total wt. of water in tank = 78.0247 ton 
Volume of tank material = Volume of cylindrical portion + Volume of hemispherical portion  
= π x(1521-21)2x9000 + 4/3xπ x(1521-11.5)3  
=42811 m 3 
Wt.  of tank matenal = 4.2811x7850  
= 33.6066 ton  
Total wt. Of tank material with water = 78.0247+33.6066  
= 111.6313 ton  
Effective density of tank material = 111.6313/4.2811 
= 26075 kg/m 3= 2.65x10-9 kg-sec2/mm  
 
 

 

 

 

 

 

 

 

 



  

 

APPENDIX 4 
 

CALULATION OF STRESSES DEVELOPED IN STORAGE TANK DUE TO PRESSURE OF 
WATER 

Operating pressure in the tank = p = 3 N/mm2  
= 0.308 Kg/mm2  
Hoop stress in cylindrical portion of tank= pxd/2xt  
Meridional stress in the cylindrical portion of the tank = p x d/4 x t 
 Where, d and t are diameter and thickness of the tank Here, d =3000mm t = 42 mm  
Hoop stress = 0.308 x 3000 / 2 x 42 = 11 Kg/mm2.  
Hoop stress value using COSMOS- M = 10.7 Kg/mm2  
Longitudinal stress = 0.308 x 3000/4 x 42 = 5.5 Kg/mm2  
Longitudinal stress value using COSMOS- M = 11.0 Kg/mm2  
Since these two stresses are principal stresses, the shear stresses and the third principal stresses 
are zero  
The Yon mises stress = ((11)2 + (5.5)2)0.5 = 12.298 Kg/mm2  
Maximum Yon- Mises stress value in the tank using COSMOS- M = 12.7 Kg/mm2  
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1.  INTRODUCTION 
 

                          Heavy water plant at Kota is based on  H2O-H2S bithermal isotopic exchange 
process. Deuterium is extracted from water up to 15% in exchange unit followed by further 
enrichment to 99.8% in distillation unit. The plant also has other auxiliary units such as nitrogen 
generation and storage plant ,water treatment plant ,LPG system, steam plant, etc.  
 

 The exchange unit is arranged in 3 stage cascade. The first stage handling large quantities of process water 
and H2S gas, consists of three pairs of cold and hot towers. The second stage and third stage each consists of one 
pair of cold and hot towers. The demineralised water enters the top of first stage of cold tower and travels down 
while hydrogen sulphide gas entering at the bottom of the tower meets the water in counter current way on tower 
internals and the exchange of deuterium takes place. In the cold tower, the water gets enriched with respect to 
deuterium while the gas gets depleted in deuterium concentration. In the hot tower, the reverse reaction takes place 
i.e. the gas gets enriched. This is further enriched in a similar way in 2nd and 3rd stages. The enriched water from 
3rd stage is stripped off its H2S in a product stripper and fed to the distillation unit for further enrichment up to 
nuclear grade. 

 

     The plant handles a large inventory of 200 tonnes of H2S  gas in the  process and 50 tonnes of H2S  gas as 
storage. There are  long pipelines of sizes varying from 50 mm to 900 mm which carry H2S gas, water , steam  etc. 
from one unit to the other during the process . These pipelines are supported on the steel structure called as Main 
pipe Racks (MPR). Main pipe racks is a complex steel structure about 246.625 m long and 10 metres wide.  The 
pipes supported on the MPR carry considerable amount of H2S gas.  Failure of main pipe racks due to earthquake 
will cause failure of the pipes carrying H2S gas.  

 

H2S gas is very toxic, corrosive and hazardous in nature. Any accidental release of H2S gas to the 
environment will badly affect the human living in adjacent areas as well as to all plant personal of the four units of 
Rajasthan Atomic Power plant. 

 

During the original design stage as per IS 1893-1966 seismic coefficient for zone-I was 
zero. Therefore earthquake and its effects were not considered while designing the Main pipe 
racks. As per IS 1893-1984  seismic coefficient for zone-I is 0.01. Moreover, Heavy Water Plant, 
Kota is located close to the RAPP 1 &2  and RAPP 3 &4  units . Any failure in H2S handling 
system of HWP Kota will affect these nuclear facilities and public near to the plant . Hence it is 
found necessary to do the seismic qualification of such a structure  which handles large 
quantities of toxic H2S gas.   In this report , the seismic re-evaluation of the Main pipe racks is 
presented.  

 
Main   pipe racks  at  HWP  Kota  are  situated  along  North -  South  direction  with   a  length  of  about  

246.625  meters  from  grid  no.  98  to grid no. 303.  The width is 10 meters.  This is shown in the key plan, Fig. 1.  
In this report, the seismic re-evaluation of the main pipe racks between grids 98 (near the staircase block connecting 
the exchange towers) to 303 is considered for the analysis. The entire structure is modeled & dynamic analysis is 
carried out. 

 
9.  GROUND MOTION :                       
 
       The seismic re-evaluation of the Main pipe racks  has  been  performed considering the 
ground motion having 0.03g peak ground acceleration and spectrum shape same as that of RAPP 
3 &4 [1]. This ground motion will have 95% probability of non exceedence in a span of 50 years. 
The comparison of RAPP 3&4 spectra and IS 1893 spectra for 2% damping  is shown in Fig. 2. 
 



  

10. FINITE ELEMENT MODEL OF MAIN PIPE RACKS : 
 

 The key plan of  Main pipe racks  HWP , Kota is shown in Fig.1. Main   pipe racks  at  HWP  Kota  
are  situated  along  North -  South  direction  with   a  length  of  about  246.625  meters  from  grid  no.  
98 to 303. The width is 10 meters.   The structure consists of 50 frames placed at about 5 m interval 
connected to each other by beams.  The plan and side elevation of the entire structure is shown in Fig. 3. 
The Main Pipe Racks consist of rolled steel  members, having sections of  different shapes and sizes. 
Mainly, the sections used are rolled steel angle sections, ISMB sections and ISMC sections. The entire 
framed structure was modeled  using BEAM3D elements in COSMOS/M.    3D view of the  FEM model 
of the structure  showing first 15 frames from grid 98 to 112 is shown in Fig. 4(a).  and the next 15 frames 
(grid 113 to 127) is shown in fig. 4(b).  3D view of the end part of the structure from grid 137 to 305 is 
shown on Fig. 4(c). The entire structure has  8223 nodes and 8156 elements. 

  

          The structure is supporting the pipe lines of various diameters ranging from 50 mm to 900 mm 
O.D. carrying steam & other process fluids. The piping supports are mainly sliding support along the 
axis of the pipe ( in Z direction ) . So the stiffness effect of the pipelines has been neglected in Z direction  
& only the masses of the pipelines are considered in the analysis. 

 

   However the pipes are restrained in X- direction (lateral) by the sliding supports. In order to check 
the stiffness effects along X-direction the following exercise was carried out. Free vibration analysis has 
been performed for two different cases.  In the first  case,  pipelines (grid 117 to 137)  with  sliding  
support  in  Z  direction  & fixed support in X direction (as shown in Fig 5(a)) has been considered & 
frequencies have been computed. In the second case mass of the pipelines has been lumped at the 
supporting points of the structure (stiffness effects are not considered) as shown in Fig 5(b) & frequency 
analysis has been performed. In both the cases frequencies of the structure obtained are almost same as 
shown in Table 1.  Hence, dynamic analysis of the structure can be performed by lumping the mass of the 
pipelines, at the supports of the pipes on the structure. The Z- direction frequency in this model is 1.46 
Hz whereas the full structure model gives a frequency of 3.9 Hz. with 10 % participation. This is because, 
the above structure has only 20 frames and hence the stiffness in Z-direction is less that of the actual 
Main pipe racks.  

 
   Material Properties  used  are : 
         The properties of the rolled steel sections used for the analysis are:  
         Young’s Modulus of elasticity  = 210000 N/mm2 
         Mass density = 7850 x 10-9 Kg/mm3 
         Poisson’s ratio =0.3 
        The damping considered is 7% of critical for the analysis  [13].       
 
 
4. SOIL STRUCTURE INTERACTION  : 
          
The HWP, Kota  is located near the RAPP units, and therefore the soil data required for the soil 
structure interaction studies were taken  the same as that of RAPP site. The soil strata of the site 
is rocky, [1] and the calculations for soil spring constants evaluated are given in Appendix 1. The 
free vibration analysis of the structure is  done considering the soil springs at base of the columns 
of the structure. 
 Frequencies of the structure obtained by considering the soil structure interaction is compared 
with those obtained by considering fixed base analysis as shown in Table 2.  It is observed that 
the effect of soil structure interaction on natural frequencies for the main pipe racks  is 
negligible. Therefore, the static and dynamic analysis of the structure is carried out considering 
fixed base.  



  

 
5.  ANALYSIS  OF  MAIN  PIPE  RACKS  AND  SUPPORTING  STRUCTURE : 

 It has been already mentioned that the analysis of the entire structure is done considering the 
members as beam elements.  Dead weight analysis as well as, earthquake load analysis is 
performed which is explained henceforth. 

 

5.1    Dead   weight Analysis: 
           The dead load analysis was performed for the structures using COSMOS-M. Static 
analysis was carried out and the maximum values of the stresses, obtained from the analysis for 
the elements are tabulated in Table 4. The total mass of  the entire structure  with the pipes mass 
is 703.6 tonnes . Maximum static dead load deflection of the structure is 15.2 mm.  The 
maximum displacement occurs in the largest spans of the structure shown in Fig. 6. The 
deflected shape of the main pipe racks  due to dead load is shown in Fig. 6. The maximum stress 
due to dead load was 7.29 Kg/mm2  in element no.4378 which is a column element.   
 

5.2 Earthquake  Analysis: 
The free vibration frequency analysis and also the dynamic analysis are carried out using 

COSMOS-M. The fundamental frequency of vibration of the structure is found to be 2.62 Hz in the X-
direction, 3.9 Hz in the Z- direction. The vertical frequency (i.e. in Y-direction) of vibration of the 
structure is greater than 33 Hz [4]. The fundamental mode shapes of the structure are shown in Fig. 7(a) 
& 7(b). A gross check on the fundamental frequency in X an Z direction obtained by using the software is 
made with hand calculations (Appendix 2). The frequencies obtained and mass participation are shown 
in Table 3.  It is observed from the table that the frequencies in X-direction are distributed from 1.15 Hz 
to  3.6 Hz, this occurs because the stiffness of different bays of the structure are different.  

The Main  Pipe  Racks and supporting structure is a bolted structure for which damping 
value used in design according to RG 1.61 is 7%. The damping to be considered for re-
evaluation is 15% for  steel  structures [1]. Response spectrum method  used for the seismic 
analysis of the structure uses the spectra for a minimum damping of 7%.  The plot of response 
spectra for 7%, 10% and 15% damping is shown in  Fig. 8. 

The earthquake excitations are simultaneously applied in three directions, two horizontal 
and one vertical. The peak ground acceleration considered for horizontal direction is 0.03g while 
that considered for vertical direction is 2/3rd of peak ground horizontal acceleration. The 
responses due to the three directional excitations are combined using SRSS method. The analysis 
is performed for 200 modes. This covered frequencies  up to 11.2 Hz. The total mass 
participation from all the 200 modes is 94.7 %  in  X – direction , and  33.25 % in Z– direction 
.The mass participation along vertical Y - direction from these 225 modes is 5.7 %. Therefore, 
earthquake  load  analysis  has  been  carried  out  only  for  the  first  200 modes , i.e. up to 11.2 
Hz. 

The missing mass correction of the structure, in Y & Z-direction was made and this has 
resulted in  95.3 %  and 66.75%  mass participation in Y and Z direction respectively. It is 
observed from Fig. 8 that the acceleration corresponding to 11.2 Hz. frequency is 2.25 x 0.03g. 
Hence the structure  is  subjected  to  an  acceleration  of  0.0675g  in Z and (2 / 3) x (0.0675g) in 
vertical  Y direction and static analysis has  been carried out. For vertical direction, dynamic  
stresses  are  4.5%  of  dead  weight  stresses . These stresses are to be added by using SRSS 
method to the dynamic stresses of first 200 modes[7,8]. The stresses computed using this method 
[7,8] will be conservative since the full mass of the structure is considered in static analysis. 
  The maximum stress due to earthquake analysis is 3.35 kg/mm2 occurring in beam 
element  no. 752. 

 



  

6.0 STRESS CHECK:                 
   The stresses due to dead weight and earthquake analysis for members of the supporting 

structure are tabulated in table 4.  
 

6.1 Combination of Stresses: 
  The stresses due to dead weight and earthquake load are combined and the combined 

stresses are checked with the allowable stresses. The comparison of combined stresses  for 
critical members is also shown in table 4.   

 
6.2 Permissible Stresses:  

         For  seismic re-evaluation of the structure according to service level D [6] stress limit for the 
equipment is given as  2S [1]. Where S is the maximum  allowable stress limit for the specified material  
The supporting structure, is checked as per AISC code. According to AISC [14], the allowable stress for 
axially loaded tension members is 0.6 times yield stress or 1/2 of  ultimate tensile strength which ever is 
minimum. For axially loaded compression members, the stresses depend on the slenderness ratio of the 
member . For members subjected to bending tension and bending compression for compression flanges 
restrained against lateral buckling, the allowable stress is given as 0.66 times the yield stress. In the case 
when the compression flange is not restrained against lateral buckling the permissible stresses are less 
then 165 N/mm2 (i.e. 0.66 fy).The permissible bending compressive stress then depends on D/T ratio and 
L/ryy ratio of the compression flange. 

Where : 
D is the depth of the beam . 
T is the thickness of the compression flange. 
L is the length of the beam. 
     ryy  is the radius of gyration of the section about its axis of minimum strength ( y-y axis).                   

AISC states that the loads produced by safe shut down earthquake comes under extreme 
environmental loads for which the allowable stress shall be increased by a factor of 1.6. 
According to IS-226 (1975) [15] for the structural steel used in the structure (i.e. rolled steel 
sections of nominal thickness between 6mm and 20 mm), yield stress is 26 Kg/mm2  and ultimate 
tensile strength is 42 Kg/mm2.  

The permissible stress have been calculated and are tabulated in table 4 for some of the 
critical members. 
 
7. CONCLUSIONS 

 

               The following conclusions are drawn from the seismic re-evaluation of the Main  Pipe racks and 
their supporting structure , at Heavy Water Plant Kota : 

1. The fundamental frequency of the structure in X- direction is found to be 2.62 Hz. and in Z direction it 
is 3.9 Hz. The  frequency of vibration of the structure in vertical direction is greater than 33 Hz 

2.  Maximum stress in the members due to dead load is 7.29 kg/mm2  in  a column element no.4738.                

3. Maximum stress in the members due to earthquake  load of 0.03g  ground acceleration with 7% 
damping is 3.35 kg/mm2 in a beam element no. 752 . 

4. The maximum combined stress (Dead weight + Earthquake Load with 7% damping and  0.03g ground 
acceleration) is 8.46 kg/mm2 in  a beam element no. 655. The permissible stress in this member according 
to AISC is 15.52  kg/mm2. Thus the stress margin available for Main pipe racks is 3.67 

5. The structure is qualified for RAPP ground motion with Peak Ground Acceleration of 0.03g  with 7% 
damping. 
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Fig.3 (c)  Plan view of  the FEM  model of Main pipe racks. 

Fig.3(a)  Elevation of  the FEM  model of Main pipe racks. 

Fig.3(b)   Side Elevation of  
the FEM  model of MPR. 



  

 
 
 

Fig. 4a FEM model of main pipe racks from grid 112 to 127 

Fig. 4a FEM model of main pipe racks from grid 98 to 112 

Fig. 4c FEM model of main pipe racks from grid 127 to 305 
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Fig. 5(a):  Mode shape in Z- direction of FEM  
model of the structure with pipelines 
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Fig. 5(b): Mode shape in Z- direction of FEM model of 
the structure with masses of pipelines lumped at nodes 
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Fig. 6 Deflected shape of the Main pipe racks due to its self weight. 
 Maximum deflection = 15.2 mm 



  

Fig. 7(a): Mode shape in X- direction of Finite Element Model of the 
structure of Main pipe racks. Frequency = 1.15 Hz. 

Fig. 7(b): Mode shape in Z- direction of Finite Element Model of 
the structure of Main pipe racks.  Frequency = 3.9 Hz. 
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TABLE 1  COMPARISON OF  FREQUENCIES OF MPR WITH PIPELINES (CASE 1) 

AND WITH LUMPED MASSES OF  PIPES (CASE 2) 
Predo-
minant 
Mode 

Frequency 
(Hz) 

Case 1 

Frequency 
(Hz) 

Case 2   

Effective 
mass  

Participation 
in X-dir 
%age 

(Case 1) 

Effective 
mass 

Participation 
in Z dir. 
%age 

(Case 1) 

Effective 
mass  

Participation 
in X-dir 
%age 

(Case 2) 

Effective 
mass  

Participation 
in Z dir. 
%age 

(Case 2) 
1 1.46 1.26 0 60.8 0 61.4 
4 3.39 3.3 35.9 0 35.5 0 
6 4.03 3.92 11.7 0 9.1 0 
9 4.73 4.6 21.4 0 20.1 0 

 
 

TABLE 2 COMPARISON OF FREQUENCIES OF MAIN PIPE RACKS WITH FIXED BASE AND WITH  
SOIL  SPRINGS.  

 
 

Frequency 
Number 

Frequency * 
(Hz) 

Frequency ** 
(Hz) 

1 1.1519 1.1514 

2 1.2033 1.2031 

3 1.7392 1.7390 

4 1.8858 1.8851 

5 2.0217 2.0213 

6 2.0493 2.0488 

7 2.2309 2.2303 

8 2.3185 2.3181 

9 2.3777 2.3771 

10 2.4932 2.4926 

11 2.6151 2.6145 

12 2.6201 2.6198 

13 2.6831 2.6828 

14 2.7001 2.6996 

15 2.7085 2.7081 

 
*    FREQUENCY WITH FIXED BASE 
**  FREQUENCY WITH SOIL SPRING 

 



  

TABLE  3 :    FREQUENCIES AND MASS PARTICIPATION  OF MAIN PIPE RACKS 
AND THEIR SUPPORTING STRUCTURE. 

 
Mode 
No. 

Frequency 
(Hz) 

 

Effective mass  
Participation in X-dir 
Kg-sec2/mm     %age 

Effective mass 
Participation in Y dir. 
Kg-sec2/mm      %age 

Effective mass 
Participation in Z dir. 
Kg-sec2/mm      %age 

1 1.151 2.3096 3.28 0 0 0 0 
2 1.203 3.8803 5.51 0 0 0 0 
3 1.739 .78634 1.12 0 0 0 0 
4 1.885 0.0 0 0 0 1.61 2.29 
5 2.021 1.6739 2.38 0 0 0 0 

9 2.377 4.7843 6.80 0 0 0 0 

10 2.493 1.6642 2.37 0 0 0 0 

11 2.615 1.3546 1.93 0 0 0 0 

12 2.620 5.8652 8.34 0 0 0 0 

16 2.881 5.3134 7.55 0 0 0 0 

17 2.894 4.8546 6.91 0 0 0 0 

19 2.934 1.5823 2.25 0 0 0 0 

20 3.047 7.1423 10.2 0 0 0 0 

22 3.110 1.5335 2.18 0 0 0 0 

24 3.180 5.1714 7.35 0 0 0 0 

25 3.204 0 0 0 0 0.93 1.33 

28 3.275 1.4599 2.07 0 0 0 0 

29 3.282 1.3674 1.94 0 0 0 0 

30 3.324 1.2221 1.74 0 0 0 0 

32 3.409 1.0822 1.54 0 0 0 0 

35 3.525 1.8575 2.64 0 0 0 0 

36 3.546 1.0236 1.45 0 0 0 0 

38 3.654 1.1936 1.70 0 0 0 0 

43 3.849 0 0 0 0 1.282 1.82 

45 3.899 0 0 0 0 10.158 14.4 

46 3.902 0 0 0 0 0.763 1.09 

47 3.965 0 0 0 0 1.85 2.63 

50 4.058 0 0 0 0 0.928 1.32 

87 5.340 0 0 0 0 0.89 1.26 

90 5.609 0 0 1.0905 1.55 0 0 

136 8.498 1.378 1.96 0 0 0 0 

168 9.393 0 0 0 0 0.952 1.35 



  

169 9.502 0 0 0 0 0.78 1.11 

Total % mass participation 
in 200 modes 

94.7 % 5.7 % 33.2 % 

Note : Only frequencies having mass participation greater then 1.0% of total mass have been 
mentioned. 

 
 

TABLE 4  STRESSES IN THE MEMBERS 

 
Stress in the entire structure (kg/mm2) *Element 

No. 
 σdl σel1 σel2 σel = 

(σel1
2+σel2

2)0.5 

Total 
stress 
(σdl+σel) 

Allowable 
stress 

(kg/mm2) 
 

655 5.82 2.63 0.23 2.64 8.46 15.52 
656 5.75 2.62 0.21 2.63 8.38 15.52 
4738 7.29 0.67 0.18 0.69 7.98 22.24 
4780 6.92 0.68 0.20 0.71 7.63 22.24 
752 3.91 3.31 0.51 3.35 7.26 20.48 
751 4.29 2.90 0.53 2.95 7.24 20.48 
343 5.36 1.60 0.32 1.63 6.99 15.68 
338 5.32 1.59 0.31 1.62 6.94 15.68 
344 5.05 1.87 0.28 1.89 6.94 15.68 
349 4.89 1.93 0.26 1.95 6.84 15.68 
215 5.81 0.77 0.18 0.79 6.6 20.16 
4725 5.48 0.48 0.23 0.53 6.01 20.16 
220 5.37 0.54 0.31 0.62 5.99 20.16 
214 5.33 0.54 0.36 0.65 5.98 20.16 
930 5.26 0.65 0.12 0.66 5.92 20.16 
4724 5.28 0.55 0.21 0.59 5.87 20.16 
650 3.29 2.56 0.31 2.58 5.87 15.52 
667 3.06 2.55 0.35 2.57 5.63 15.52 
666 3.00 2.56 0.33 2.58 5.58 15.52 
744 2.03 2.77 0.28 2.78 4.81 20.48 
 
σσdl= stress due to self wt 
σσel1=stress due to earthquake load using response spectrum method for 7% damping for 
200 modes. 
σσel2=stress due to static analysis considering the missing mass .in Y and Z- direction.  
 
The elements are shown in Fig. 4 
 



  

 
APPENDIX - 1 

 
Calculations of soil spring constants. 

   The supporting structure of the Main Pipe Racks is founded on isolated footings at  all the  
columns.  The footings are of different sizes. In order to simplify the problem, the smallest 
isolated footing of the structure is considered for calculation of the soil spring constants . These 
spring constants are applied to all the  column bases and the free vibration analysis is carried out. 
This will give conservative results. The soil spring constants are obtained from the  formulae  
[10] as given below. The data  required for the calculations is as follows. 
L = length of the isolated footing=1.80 m 
B = Width of the isolated footing=1.80 m. 
h = depth of the footing embedment below grade.= 0.8 m 
ρs = Mass density of the soil.=2.55 Tonnes/m3 
Vs = Shear wave velocity in the soil.=1600 m/s 
Gs =Shear modulus of the soil. 
ns = Poisson’s ratio of soil.=0.15 
βx = Horizontal soil spring coefficient=1 
βz  = Vertical soil spring coefficient=2.1 
βϕ =Rocking soil spring coefficient.=.5 
ηx = Embedment coefficient for horizontal spring constant.  
    =1+0.6(1- ns)×h×(π/(B×L))0.5 = 1+0.6(1-0.15)×0.8×(π/1.8×1.8)0.5= 1.4017 
ηz = Embedment coefficient for vertical spring constant. 
    =1+0.55(2- ns)×h×(π/(B×L))0.5 = 1+0.55(2-0.15)×0.8×(π/1.8×1.8)0.5= 1.8015 
ηϕ = Embedment coefficient for rocking spring constant. 
     =1+1.2(1-ns)×h×(3π/(B×L3))0.25+0.2(2-ns)×[h×(3π/(B×L3))0.25]3 

        =1+1.2(1-0.15)×0.8×(3π/(1.8×1.83))0.25+0.2(2-0.15)×[.8×(3π/(1.8×1.83))0.25]3=1.969 
Gs =Shear modulus  = ρs Vs 

2 

     = (2.55/9.81)×16002  = 6.656 × 105 t/m2 
Horizontal spring constants : 

Kx = Ky = 2(1+ns )Gs βx (B×L)1/2 ηx 
            =2(1+0.15)×6.656×105 ×1×(1.8×1.8)1/2×1.4017 =3862502.1 t/m 
Vertical spring constant : 
Kz = (Gs /(1-ns )) × βz×(B×L )1/2 ηz

 

     =  (6.656 ×105 /0.85)× 2.1×(1.8×1.8)1/2×1.8015=5332372.18 t/m 
Rocking  spring constant : 
Kϕ = (Gs /(1-ns )) × βϕ×(B×L2 ) ηϕ

 

     = (6.656 ×105/0.85) × 0.5×1.8×1.82×1.969 =4496013.67 t-m 
Tortional spring constant : 
Equivalent radius = R =(B×L×(B2 + L2 )/6π)1/4 

                                             =(1.8×1.8×(3.24+ 3.24)/6×π)1/4  =1.0273 m 
Kt = 16×Gs × R3 /3 
     = 16 × 6.656×105 ×  1.02732 /3 = 3746463.34 t-m. 



  

APPENDIX  - 2 

Calculations  of  the  fundamental  frequency  of  the  structure 
 

The  first  fundamental  frequency  for  bending  of  the  cantilever  beam  is  found  out  from  
the  formula  given  below  [12] 
                             Fb =  (λ i

2/ 2π L2) ×(EI / µ)0.5  ,                …………………….(1) 
               Where ,  
                            λ i = 1.875  for  first  mode   
                             E =  Young’s  Modulus  of  Elasticity 
                              I =  Moment  of  Inertia  of  the  beam  about  its  axis  of  bending 
                             µ =  Mass  per  unit  length  of  the  beam  
                                =  M / L                                               ……………………..(2) 
                             L =  Length  of  the  beam  
                            M =  Mass  of  the  beam 
       The  structure  is  assumed  as  a  vertical  cantilever  for  this  calculation .The  total  
average  height  is  about  10.6  meters . Using  this  length , one  can  find  the  equivalent  
moment  of  inertia  of  the  entire  structure  employing   the  formula , 
                             δ =  WL3 / 3EI                                        …………………….(3) 
               Where  , 
                              δ = Deflection  of  cantilever   
                            W =  Load  applied   
Frequency in Z direction 
Main  Pipe  Rack  structure  is  subjected  to  13500  kg  force  at  the  height  of  10.6 m. The  
deflection  obtained  is  1.48  mm . Mass  of  the  structure  is  70.36  kg .s2 / mm 
From  Equation  (3) ,  EI  =  WL3/ 3δ. Hence ,  from  (2)   Equation  (1)  becomes 
                             Fb = (λ i

2/ 2πL2) × ( WL3*L / 3δM) 0.5 
Therefore ,    Fb  =  (1.8752 / 2π ) × (13500 / 3 * 1.48 * 70.36) 0.5  =  3.68  Hz 
The  fundamental  frequency  in  Z – direction  obtained  using  COSMOS-M  is  3.9  Hz . 

 

Frequency in X direction 

It is observed from the table 3 that the frequencies in X-direction are distributed from 1.15 Hz to 3.6 Hz, this occurs 
because the stiffnesses of different bays of the structure are different. 

In order to obtain the frequency in X- direction, 

Main  Pipe  Rack  structure  is  subjected  to  13500  kg  force  at  the  height  of  10.6 m in X- 
direction. The  deflection  obtained  is  1.98  mm for the bay. Mass  of  the  structure  is  70.36  
kg .s2 / mm 
From  Equation  (3) ,  EI  =  WL3/ 3δ. Hence ,  from  (2)   Equation  (1)  becomes 
                             Fb = (λ i

2/ 2πL2) × ( WL3*L / 3δM) 0.5 
Therefore ,    Fb  =  (1.8752 / 2π ) × (13500 / 3 * 1.98 * 70.36) 0.5  =  3.1  Hz 
The  fundamental  frequency  in  X – direction  obtained  for the bay using  COSMOS-M  is  2.62  Hz . 

 

The purpose  of  this  calculation  was  to  verify  that  there  is  no  gross  error  in  the  
finite  element  model . The closeness  of  frequencies  indicates  the  same . 
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