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1 ABSTRACT 

Angra dos Reis site in Brazil has already 2 operating PWR NPPs. Unit 3, with identical design to Unit 2, also 
a 1350 MW PWR, is expected to have its construction started in 2009. This new plant shall be founded 
directly on sound rock. The first step is to prepare this rock surface with a concrete regularization and a 
foundation waterproofing membrane. 

This study presents a 3D model approach of the corresponding reactor building to verify the maximum 
pressure acting on this surface. ANSYS Mechanical Release 11.1 is used for this analysis. 

2 INTRODUCTION 

The 3D finite element model was developed from the Angra 3 reactor building axi-symmetrical 
model idealized for the floor response spectra generation. and used to analyze the concrete 
regularization and foundation waterproofing membrane. A static analysis is done using ANSYS 
Mechanical Release 11.1, considering dead weight, permanent and live loads, Safe Shutdown 
Earthquake (SSE) combined with Burst Pressure Wave (BPW) from the Feedwater Tank 
(SSB=SSE+BPW) and differences of temperature are taken into account.  
The reactor building of Angra 3 is a complex concrete structure with several thickness and dimensions. In a 
general point of view it is founded on a base plate having a thickness of about 2 m and radius about 30 m. 
The top level of this foundation is -0.85 m and the ground level is 6.15 m. 
Foundation springs corresponding to the hard sound rock and to the waterproofing membrane stiffness are 
represented separately by linear elastic spring elements – COMBIN14. Stepped foundation is also 
represented by additional springs. The springs in the three orthogonal directions are used. Rock springs are 
obtained from elastic half-space theory and membrane stiffness is based on test results. The superstructure is 
represented by linear shell elements – SHELL63.  

The maximum pressure for each load case is obtained for vertical and horizontal directions, which 
correspond to compression and tangential reaction loads.  

3 MODEL DESCRIPTION 

The 3D model was generated from an axi-symmetrical previously existent model used for seismic analysis of 
Angra 3 reactor building. Using the ANSYS model generation tools, the 3D model is obtained from the 
revolution around the center vertical axis of the steel containment of the previous model, considering an 
angular mesh spaced 5º. 
For a better representation of the structural behavior and load distribution on the waterproofing membrane 
and foundation, the external structure, i.e. structural elements outside the steel containment shell (UJB+UJE) 
was modified by introducing radial walls as well as taking off elements to represent the openings in the 
circumferential walls and other more important parts of the building. The total number nodes and elements is 
8416 and 14411, respectively, being 10084 SHELL63 and 3327 COMBIN14. The masses in the internal 
parts of steel containment shell (UJA) are preserved and the external one modified. Some adjustments were 
necessary in order to keep the same dynamic characteristics between the two models. The Fig. 1, Fig. 2 and 
Fig. 3 present the external and internal views of the model. 
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3.1 Spring distribution through foundation nodes 

Considering the properties of the hard sound rock foundation the total stiffness values were calculated 
according to semi-space linear elastic theory for upper and lower bound, Gmax and Gmin, respectively – 
Table 1, according to Richart et al (1970) and Veletsos et al (1971, 1973). The stiffness distribution through 
the nodes is done by means of the influence area of each node. The effect of rocking is considered well 
represented only by the effect of vertical spring in this distribution. 

The membrane spring distribution follows the same idea. The spring values are shown in Table 2. 

In the same positions of each foundation node there are two additional nodes to be used with two spring 
elements in series, representing the membrane and rock stiffness. The nodes that represent the baserock are 
fixed in vertical and horizontal directions.  

The increase of stiffness in the horizontal direction, caused for the stepped concrete foundation, is simulated 
by introduction of parallel springs with additional nodes for the stepped foundation positions – see scheme in 
the Fig. 4. 

The shear stiffness is obtained considering the average horizontal area of the stepped concrete for the shear 
section. The concrete shear modulus is used and half of the shear stiffness is equally distributed at the 
corresponding representative nodes of the stepped concrete faces.  

Due to the fact that the model is linear elastic and also that tension could not appear in the stepped concrete 
faces, the compression resultant forces obtained in one of faces of the stepped region was conservatively 
multiplied by a factor of 2 the obtained nodal results. 

3.2 Load cases 

The combination results of the maximum resultant loads obtained from the following load cases are used for 
the verification of the concrete regularization and foundation waterproofing membrane: 

- Dead weight of structure + permanent loads (DWS+DWEQ) – considered dead weight of structure and 
equipments, pipes and other permanent by means of increase of concrete density in the elements - 1; 

- SSB load case maximum accelerations, obtained from the seismic analysis, are used here by means of 
forces in each node of the structure of internal structure (UJA), external structure (UJB+UJE) and 
containment shell, according to Tables 3, 4 and 5. The accelerations between two elevations shown in the 
tables are interpolated. 

- Temperature variation (DT) – two effects are considered separately: temperature differences caused by the 
insolation and temperature differences between structure and the bottom of the base plate. The first load case 
considers a temperature of 10 º C in the concrete external shell (DTsh). The second load case considers that 
the temperature for the bottom of the base plate (contact with membrane waterproofing) is 22º C and, for the 
remaining structure, is 25º C, except for the elements bellow the reactor projection, where 59º C (DTbase) is 
considered. 

4 RESULTS 

The results are given in terms of pressure over the membrane waterproofing for all load cases shown before, 
as presented in the Tables 6 for Gmin and Gmax. Conservatively, the values in the Tables take the envelope 
of the maximum pressures for these cases. The pressures are presented as p_mZ (vertical compression on the 
membrane), p_mX and p_mY (horizontal shear pressure on the membrane), p_sm (lateral compression on 
the stepped concrete). The maximum values occur in distinct positions for each load case. Still, the 
maximum results are obtained for the following load combination considering all foundation nodes, 
according to DIN 25449 (2008) load combination criteria: 

([DTbase] +1.35[DTsh])/2 + [SSBZ] + Max {[SSBX]; [SSBY]} + 1.041 [DW+DWEQ]                    (1) 
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The maximum values were compared with a previously performed calculation considering several sections 
of beam elements on elastic base in a simplified and conservative way. The maximum global results are 
practically the same. 

5 CONCLUSIONS 

The results are compared to a simplified analysis performed before, showing a good agreement in global 
values.  

The 3D model permits to show a more realistic pressure distribution at every foundation specific detail, 
proving that the results obtained for combined loads, 1192 kN/m2 for compression, 179 kN/m2 for shear 
effects, are bellow the allowable limits. 

6 FIGURES AND TABLES 

 

Figure 1.  General external view of the 3D finite elements model 
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Figure 2.  Internal view of the 3D finite elements model 

 

 

 

 

 

Figure 3.  Internal view of the 3D finite elements model showing the base with the walls 
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Figure 4.  Horizontal spring scheme for stepped concrete positions 

 

Table 1. Stiffness values for rock foundation 

 KX(kN) KY(kN) KZ(kN) KXX(kNm) KYY(kNm) KZZ(kNm) 
Gmin 1.52E+09 1.52E+09 1.48E+09 1.10E+12 1.10E+12 - 
Gmax 4.59E+09 4.59E+09 4.63E+09 3.44E+12 3.44E+12 - 

 

Table 2. Unitary stiffness values for Membrane waterproofing 

Direction Value (kN/m3) 

Kdistortion min 244433. 
Kdistortion max 666636. 
K compression 1466000. 

 

Table 3. Maximum accelerations for the internal structure (UJA) – m/s2 

Gmin Gmax elevation 
(m) horizontal vertical horizontal vertical 

-1.010 1.169 0.807 1.120 0.767 
0.150 1.169 0.807 1.120 0.767 
4.650 1.305 0.822 1.250 0.784 
8.150 1.439 0.837 1.380 0.800 

10.860 1.530 0.845 1.460 0.809 
12.150 1.570 0.848 1.500 0.813 
16.650 1.740 0.864 1.670 0.832 
19.650 1.860 0.872 1.890 0.842 
22.550 2.040 0.879 2.120 0.850 
27.650 2.330 0.889 2.510 0.863 
32.150 2.630 0.895 2.840 0.870 
35.430 2.860 0.898 3.050 0.874 
43.150 3.430 0.908 3.630 0.880 
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Table 4. Maximum accelerations for the external structure (UJB+UJE) – m/s2 

Gmin Gmax elevation 
(m) horizontal vertical horizontal vertical 

-1.850 1.156 0.964 1.110 0.985 
0.150 1.169 0.966 1.120 0.987 
4.650 1.328 0.988 1.280 1.021 
8.150 1.490 1.012 1.440 1.065 

12.150 1.770 1.045 1.730 1.121 
15.150 2.050 1.073 2.000 1.167 
18.150 2.310 1.095 2.250 1.204 
22.500 2.560 1.110 2.490 1.230 
29.150 2.820 1.128 2.930 1.260 
36.150 3.250 1.139 3.400 1.270 
43.550 3.790 1.159 3.980 1.290 
49.940 4.220 1.189 4.410 1.320 
54.860 4.550 1.199 4.720 1.330 
59.350 4.800 1.209 4.970 1.340 

     

Table 5. Maximum accelerations for the steel containment shell – m/s2 

Gmin Gmax elevation 
(m) horizontal vertical horizontal vertical 

5.000 1.530 0.845 1.460 0.809 
10.860 1.530 0.845 1.460 0.809 
17.150 1.640 0.853 1.570 0.822 
25.800 2.005 0.862 1.930 0.835 
33.120 2.650 0.869 2.570 0.841 
40.770 3.740 0.875 3.700 0.847 
47.480 4.810 0.877 4.810 0.854 
57.150 6.430 0.879 6.500 0.858 

 

Table 6. Maximum pressures for each load case and maximum load combination - kN/m2 

PRESSURES  
p_dm p_mX p_mY p_mZ LOAD CASE 

compression shear shear compression 
DW+DWEQ 11,97 36,56 8,08 610,45 

SSBX 71,82 88,08 11,01 0,04 
SSBY 723,02 10,33 65,06 396,32 
SSBZ 1,35 3,17 0,78 53,88 

DTCASCA 20,39 15,60 6,35 121,60 
DTBASE 307,39 56,48 73,77 49,08 

168 61 Max.LComb 904 
Resultant = 179 

1192 

Case GMIN-CombYZ GMAX-CombXZ GMAX-CombYZ 

Rock node 10368 10607 10448 
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