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Abstract 
The paper studies the behavior of reinforced concrete raft foundations for 
multi-story buildings. It also develops a reliability assessment tool for mul-
ti-story building raft foundations subjected to earthquake loading. Several 
multi-story buildings with various configurations, heights, and soil profiles, 
were subjected to several ACI code combinations of gravity and earthquake 
loads from different seismic zones. The reliability of the raft foundations of 
these buildings was assessed using the reliability index approach based on 
their resistance to the applied loads. Also, the responses of the multi-story 
buildings under these loading combinations were studied and analyzed in or-
der to draw recommendations and guidelines for the preliminary design of 
structurally efficient and reliable raft foundations in earthquake zones. 
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1. Introduction 

Most multi-story buildings use raft foundations as structural elements to resist 
applied loads and transfer safely to the soil. The reliability and response of raft 
foundations were studied using the reliability index β and finite element analy-
sis, respectively [1] [2]. The reliability index β measures the reliability level of 
raft foundations based on their response to applied loads and according to their 
design codes. The reliability index chart is very useful for determining the raft 
foundation strength capacity for a desired level of reliability [3]. 3D finite ele-
ment models were developed for multi-story building raft foundations to analyze 
their safety, stability, deformation, and crack formation based on the ACI code 
[4] [5] [6] [7]. First, the commercial finite element software, STAAD-Pro, was 
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used to analyze and design several reinforced concrete buildings with various 
configurations, heights, earthquake zones, and soil profiles and subjected to ACI 
combinations of gravity and earthquake loads. STAAD-Pro was also used to de-
termine the building support reactions. Then, the finite element software 
(Staad-Foundation) was used to design the raft foundations using the building 
support reactions as point loads to achieve an efficient design that satisfies all 
ACI requirements [8].  

This paper studies the behavior of reinforced concrete raft foundations for 
multi-story buildings. It also develops a reliability assessment tool for raft foun-
dations in multi-story buildings that are subjected to earthquake loading. The 
reliability of raft foundations was also assessed using the reliability index ap-
proach. 

2. Reliability Formulation 

A raft foundation fails when its resistance is less than the action caused by the 
applied loads. The raft foundation resistance and action are computed using the 
design strength Mc and the external bending moment Me, respectively. Raft 
foundations fail when the resistance of the raft is less than the action caused by 
the applied load. The raft resistance is measured using the design moment 
strength Mc while the raft action is measured by the external bending moments 
Me as shown in Figure 1. 

The raft limit state function is given by the following equation: 

( ), , ,s c y e c eG A f f M M M′ = −                      (1) 

where: Mc = design bending strength, Me = external bending moment  

( ); ; ;y x y xM M M M− − + + , As = tensile steel area ( ); ; ;y x y yAS AS AS AS− − + + ; fy = reinforc-
ing steel yield strength, and cf ′  = concrete compressive strength.  

The raft limit state function is given by the following equation: 
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where: φ  = bending strength reduction factor, μfy = mean value of fy; cf
µ ′  = 

mean value of cf ′ , μAs = mean value of AS, and μMe = mean value of Me.  
 

 
Figure 1. Rectangular reinforced concrete raft cross section. 
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Because the limit state function is nonlinear, a Taylor series expansion was 
used to linearize it and obtain an approximate answer [9]. The Taylor expansion 
about the mean value yields the following equation: 
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The reliability index β of the linear function is given by the following equa-
tion: 
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where: σAS = standard deviation of AS, σfy = standard deviation of fy, cf
σ ′  = 

standard deviation of cf ′ ; and σMe = standard deviation of Me.  
The parameters a1, a2, a3, and a4 are computed using the following equations:  
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The standard deviation σ is equal to the product of the mean value μ and the 
coefficient of variation V. The formulation estimates the reliability index β of 
reinforced concrete raft foundations when subjected to flexural loads, based on 
their resistance to applied loads as shown in Table 1 and Figure 2. 
 
Table 1. Raft reliability analysis results. 

Me 
(kN∙m) 

Raft Slab Data 
Me 

(kN∙m) 
b 

Safety  
Percentage 

(%) 
cf ′  

(MPa) 
fy 

(MPa) 
b 

(mm) 
h 

(mm) 
d 

(mm) 
AS 

(mm2) 

92 

420 30 1000 

300 240 1239 108 1 15 

135 350 290 1635 171 1.5 21 

210 500 440 2251 258 2 19 

2480 1800 1740 4518 2098 1 18 

3320 2000 1940 5897 4216 1.5 21 

4730 2500 2044 7222 6500 2 27 
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Figure 2. Raft reliability index. 

3. Finite Element Analysis 

Figure 1 shows the layout and steel detailing of a raft foundation for a high-rise 
building. The raft foundations are designed in earthquake zones to transmit 
building gravity and earthquake loads to the supporting soil without failure or 
large settlement (1 - 4). The buildings considered herein had various heights and 
shapes (i.e., square, rectangular, tube, and circular) and included reinforced 
concrete shear walls (Figures 3-9). They were subjected to earthquake loads 
with a drift index of 0.002 [5] [6] [7] for different seismic zones and soil profiles 
as defined by the Uniform building Code (UBC) and the International Building 
Code (IBC), as shown in Table 2. The building responses and reactions were 
obtained using the finite element software STAAD-Pro [10]. 

A nonlinear finite element analysis was conducted using the commercial 
software STAAD-PRO to obtain the building drifts and reactions [8] [9] [11]. 
The buildings reactions were then used as point loads for the design of the raft 
foundations using STAAD-Foundation [12]. As shown in Table 3, several pa-
rameters were used in the design, namely, concrete unit weight, cγ ; soil density, 

Sγ ; allowable soil pressure, Qs; reinforcing steel bar yield strength, yf ; concrete 
compressive strength, cf ′ ; and settlement ∆. 

4. Results and Discussion 

Reinforced concrete raft foundations for various structural buildings models 
were simulated, analyzed, and optimally designed optimally as per ACI design 
code. Figure 10 summarizes the design procedure for raft foundations. 

The square, rectangular, tube, and circular buildings were subjected to earth-
quake loads defined by UBC and IBC codes, for different seismic zones and soil 
profiles. The building support reactions were obtained using the finite element  
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(a) 

 
(b) 

 
(c) 

Figure 3. (a) Raft and column layout; (b) Shear critical sections; (c) Longitudinal steel 
reinforcement detailing. 
 

 
Figure 4. 3D structural building models. 
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Figure 5. Square building plan and elevation. 

 

 
Figure 6. Circular building plan and elevation. 
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Figure 7. Tube building plan and elevation. 

 

 
Figure 8. Rectangular building plan and elevation. 
 
Table 2. Soil profile and seismic factors. 

Soil Type (S) Seismic Factors (Z) 

Hard Rock (S1) 0.075 gravitational acceleration (Z1) 

Rock (S2) 0.150 gravitational acceleration (Z2) 

Very dense soil and soft rock (S3) 0.20 gravitational acceleration (Z3) 

Stiff soil ( S4) 0.30 gravitational acceleration (Z4) 

Soft soil (S5) 0.40 gravitational acceleration (Z5) 
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Figure 9. Circular building floor plan and elevation. 
 

 
Figure 10. Raft design process. 
 
Table 3. Raft foundation design parameters. 

Soil Profile 
Qs 

kN/m2 
cγ  

kN/m3 
cf ′   

MPa 
sγ  

kN/m3 
yf  

MPa 
∆MAX 

mm 

S1 3240 

25 30 18 420 50 

S2 1020 

S3 440 

S4 245 

S5 100 
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software STAAD-Pro. These reactions were used as point loads for the design of 
the raft foundations. The design was performed using the finite element software 
STAAD-Foundation, as shown in Figure 11. The design of the raft foundation 
has to satisfy the requirements for one way shear, punching shear, bending mo-
ments, stresses, and settlements. 

The results in Table 4 shows that the 7-story building raft foundation in zone 
1 on soil profile 1 could be used in zone 5 on soil profile 5 with a small increase  
 

 
Figure 11. Raft foundation point loads and displacements. 
 
Table 4. Raft dimensions and settlements. 

Building 
Raft 
Size 

m × m 

Gravity Load Earthquake Load 

S 
Total  
Depth  

m 

Total  
AS 

mm2 

∆  
mm 

Z/S 
Total 
Depth 

m 

Total  
AS 

mm2 

∆ 
mm 

Square 
30 story 

120 m Tall 
42 × 42 2 2.3 18209 4 

½ 
5/2 

2.3 
2.4 

17,686 
19,781 

4 
5 

Tube 
18 story 
72m Tall 

42 × 42 3 1.6 13048 4 
1/3 
5/3 

1.7 
1.9 

13,190 
15,769 

4 
5 

Rectangular 
12 story 

48 m Tall 

22 × 30 
39 × 47 
46 × 54 

1 
5 

NA 

0.8 
0.95 
NA 

6221 
7002 
NA 

2 
9 

1/1 
1/5 
5/5 

0.8 
0.95 
1.3 

6400 
9868 

19,753 

2 
10 
11 

Circular 
7 story 

28 m Tall 

Diameter 
21.6 
26.2 
28.8 

 
1 
5 

NA 

 
0.55 
0.55 
NA 

 
5003 
5020 
NA 

 
1 
6 
 

 
1/1 
1/5 
5/5 

 
0.55 
0.65 
0.85 

 
5039 
7149 

13,123 

 
1 
7 
8 
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in size to satisfy the allowable soil pressure. The raft foundation for the 12-story 
building could be used in zone 5 on soil profile 5 but with a large increase in 
zone 1 raft size on soil profile 1. For the 18-story building, the raft foundations 
on soil profiles 1, 2 and 3 are the only ones that satisfy the allowable soil pressure 
in all seismic zones. For the 30-story building, the raft foundations on soil pro-
files 1 and 2 are the only ones that satisfy the allowable soil pressure in all zones. 
All raft foundation depths range between 0.55 m to 2.4 m to satisfy the raft shear 
and bending requirements. The required steel reinforcement area for all building 
raft foundations is in most cases equal to the minimum value set by ACI code. 
The raft foundation settlement is acceptable since it is less than 50 mm (12). 
Overall, the square building has less displacement and settlement than the circu-
lar one. On the other hand, the circular building has less displacement and less 
settlement than the tubular one.  

5. Conclusions 

Several reinforced concrete buildings with various configurations, heights, 
earthquake zones, and soil profiles have been analyzed and designed using the 
3D finite element software STAAD-PRO as per ACI code and drift require-
ments. On the other hand, the raft foundations were analyzed and designed us-
ing the 3D finite element software STAAD-Foundation to determine the re-
quired raft size, depth, steel area, and settlement.  

The reliability index β, which was developed to assess the reliability of the raft 
foundation in earthquake zones, was found to be larger than 2 indicating an ac-
ceptable and economical raft foundation sizes, depths, and steel areas. 

The analysis and design results show that raft foundations could be used for 
low-rise buildings in earthquake zones on all soil profiles. They could also be 
used for buildings with heights ranging between 30 meters to 50 meters on soil 
profile 5, but with a large size increase. Moreover, raft foundations could be 
constructed on soil profile 1 to 3 for building heights between 50 meters to 70 
meters in all in earthquake zones. They could also be constructed on soil profiles 
1 and 2 for building heights between 70 meters and 120 meters in all earthquake 
zones. The raft settlements were acceptable for all buildings of the study. The 
square building had less roof displacement and settlement then had the circular 
one. On the other hand, the circular building had less roof displacement and set-
tlement than did the tube one. In all cases, an efficient, reliable, and economical 
preliminary design for raft foundations could be achieved in all earthquake 
zones provided that it falls within the study recommendations and guide lines. 
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