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Comparison of the computed and the measured settlements of a flexible mat 

Comparaison des tassements calculés et mesurés d ’un radier flexible

F.Bekta§ & B.A.Uzuner — Karadeniz Technical University, Trabzon, Turkey

ABSTRACT: The settlements of the Jeddah Grain Silo (Saudi Arabia) which has raft foundations system on sand were computed 
mainly with Menard method and the finite difference method. From the comparison of the measured and computed settlements, it was 
found that Menard method overestimated settlements and the finite difference method underestimated settlements. On the other hand, 
the finite difference method is in a better agreement with the measured values than Menard method in terms of the shape of the set
tlement distribution. The main contribution in this study is that an alternative method (the finite difference method) is introduced 
against so called unique method (Menard method).

RÉSUMÉ: Les tassements de la céréale Djeedda Silo (Arabie Saoudite), qui a comme fondation le radier général flexible reposant sur 
du sable, sont essentiellement calculés par la méthode Menard ainsi que la méthode des différences finies. La comparaison des tasse
ments calculés et mesurés a montré que les tassements calculés selon la méthode Menard étaient supérieurs en valeur à ceux qui 
étaient mesurés alors qu’avec la méthode des différences finies, les tassements calculés étaient inférieurs aux tassements mesurés. De 
plus, la méthode des différences finies s’accorde mieux avec la dispersion des tassements mesurés que la méthode Menard. Cette ap
proche apporte une contribution essentielle à cette étude. Elle propose en effet une méthode alternative (la méthode des différences fi
nies), à la seule méthode existante, la méthode Menard.

1 INTRODUCTION

One of the conditions which a foundation system should fulfill is 
the settlement condition. This condition can be expressed as set
tlements of the foundation system which should not exceed the 
allowable settlement values. For this, estimated settlements of 
the foundation system are compared with permissible values. To 
estimate settlements close to real values is important. There are

several methods for the estimation of foundation systems. These 
methods may depend on laboratory and field test results, etc.

The pressuremeter test is a widely accepted field test spread
ing in the last decade and settlements can be estimated from test 
results. In this study, the settlements o f the Jeddah Grain Silo are 
computed directly with Menard method by using pressuremeter 
test results and indirectly with the finite difference method by 
using the coefficients of the subgrade reaction obtained from 
pressuremeter test results. The computed settlements from both 
methods are compared with the measured settlements.

2 SOME INFORMATION RELEVANT TO JEDDAH GRAIN 
SILO AND FOUNDATION SOIL
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Figure 1. The Jeddah grain silo.

The Jeddah Grain Silo is situated in Jeddah City of Saudi Arabia. 
Site investigation of the silo was started in 1974 and the silo was 
completed and put into service in 1978. The most important part 
of the silo complex is the silo structure which consists of 90 rein
forced cylindrical silos (Fig. 1). Every silo has 7.5 m diameter 
and 10 m height. The silo foundation system is a three parts of 
raft and the dimensions of the raft are 114 m (length) x  45 m 
(width) x  1.15 m (thickness). The adjacent building to the silo 
building is the machine tower which has a raft foundation of 30 
m (length) x  10 m (width) x  1.15 m (thickness). In filled condi
tion, 430 kN/m2 pressure acts on the silo raft and 300 kN/m2 
pressure acts on the machine tower.

The foundation soil under silo and tower has 9 - 13 m thick
ness overlying calcareous rock and was loose sand. This soil was 
stabilized by the Menard Dynamic Consolidation (Menard & 
Broise 1975) prior to construction. The pressuremeter tests were 
performed at several points (Fig. 2) before and after stabilization. 
The pressuremeter deformation moduli belonging to stabilized 
situation are seen in Table 1. The ground water level is 1 m be
low soil surface.

The settlements of the silo and the tower were observed in 
several points during construction and filling. The observation 
points for settlements are seen in Figure 2. Information relevant 
to silo and foundation soil can be found in Uzuner (1980).
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Figure 2. Position o f  points for tests and observations.

Table 1. Pressuremeter deformation moduli.

Depth Pressuremeter deformation moduli, E,,, (kN/m 2)

(m) N1 N2 N3 N 4 N5 N6 N7 N8 N9 N 10 N i l N 12 N13 N 14 N15

1 20000 40000 48000 20000 23000 52000 49000 20000 33000 20000 41000 40000 36000 31000 29000

2 26000 15000 32000 23000 20000 13000 20000 59000 20000 20000 42000 26000 20000 30000 16000

3 16000 15000 20000 20000 20000 24000 20000 45000 23000 20000 44000 27000 29000 32500 26000

4 35000 17000 20000 20000 20000 20000 28000 23000 10000 23000 46000 20000 20000 27000 10000

5 12000 6500 12000 20000 6500 7000 5000 7500 10000 10000 13500 20000 14000 7500 9000

6 10000 11000 11000 6500 6500 4000 5500 9500 9000 10000 5500 5500 11000 17000 7000

7 15000 10500 7500 10000 9000 13500 5000 9000 7500 7000 9500 8500 5000 7500 6000

8 11000 11500 4000 7000 9000 14000 4000 8000 6500 10000 16500 7000 5000 5500 8000

9 10000 15000 6000 8000 7000 16000 4000 7500 6500 7000 10000 5000 3500 5000 6000

10 7500 10000 6000 9000 5000 5000 8500 5000 12500 8000 5500 13000 6000

11 6500 17000 6500 8500 5500 5500 6000 8500 6500 6000

12 4000 19000 5500 12000

13 7000 8000

3 CALCULATION OF THE SETTLEMENTS

The settlements of the silo were computed mainly with two 
methods. These are the Menard method and the finite difference 
method. Details relevant to settlement calculation can be found 
in Ozmen (1996).

3.1 The Menard method

Menard (1975) gave the following equation for the estimation of 
the settlements of a large raft siting on a limited thickness of soil. 
The soil layer having limited thickness is divided into several 
sublayers (Az =H/n).

i n
i h l

where AH = settlement, A a, = the vertical effective stress incre
ment at the middle of the sublayer i, otj = rheological factor for 
the sublayer i, Ei = the pressuremeter deformation modulus for 
the sublayer i, Azi = the thickness of the sublayer i, n = the num
ber of the sublayers, H = the total thickness of the layer, P = a 
coefficient relevant to the safety factor.

The rafts of the silo and the tower were assumed to be flexi
ble due to their relative thin thicknesses. Their settlements were 
computed using Equation 1. In the computation, the thicknesses 
o f the sublayers were taken as 1 m. The pressuremeter deforma
tion moduli nearest to pressuremeter test point were used in the

computation. P was taken as 1 (Baguelin et al. 1978). a  was 
taken as 1/2 accepting the soil layer as overconsolidated due to 
the dynamic consolidation process (Baguelin et al. 1978). The 
vertical stress increments were computed from Boussineq solu
tion. For this, the equation giving vertical stress increment under 
a comer o f a rectangular area uniformly loaded was used 
(Bowles 1988). The vertical stress increments at the mid points 
o f the sublayers under 1-29 points on the silo (Fig. 2) were com
puted by taking into account the interaction between the silo and 
the tower loads. Interaction between loads may be important in 
some cases (Ozmen, 1990).

3.2 The fin ite  difference method

The finite difference method is frequently used in raft calcula
tions. The differential equation of a plate resting on an elastic 
soil is used for rafts (Bowles 1974, Bowles 1988).

3 4 w  9 4 w  5 4 w  P q
----7~ t  T H------7~ ~  I- (2)
8x dx dy 3y D(0x3y) D

where P = column load, w = the amount of the vertical dis
placement, D = rigidity of plate, q = base pressure.

q = -k ,w  (3)

where ks = the coefficient o f the subgrade reaction.
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Figure 3. Settlem ents profiles along length.
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where B = foundation width, B0 = a reference foundation width, 
Ed, Es = pressuremeter deformation modulus of deviatoric and 
spherical region, ks = the coefficient o f the subgrade reaction, Xd, 
Xs = the shape coefficients, a  = rheological factor.

The coefficient o f the subgrade reaction used in the settle
ment computation calculated from the second part o f the Equa
tion 4 due to the thickness of the compressible layer is smaller 
than the half o f the silo raft width (Baguelin et al.1978). The av
erage pressuremeter deformation modulus at each point was cal
culated by harmonic mean (Baguelin et al. 1978). The rheologi
cal factor for sand is a  =1/2 and the shape factor is A.s = 1.30 for 
L/B = 2.76 (Baguelin et al. 1978).

The raft area was completed to a rectangular in order to apply 
the finite difference method and the net base pressure was taken 
as zero in the superposed empty area. The foundation depth is 1 
m and the saturated unit weight is 20 kN/m3 and the net founda
tion pressures were taken as 280 kN/m2 and 410 kN/m2 subse
quently in the tower and the silo bases. The number of nodes 
along the short edge of the silo raft was selected as 17 (n = 17) 
and along the long edge as 45 (m = 45). The total number of the 
nodes is n x  m = 17 x 45 = 765. A computer program was writ
ten for the settlement computation in the finite difference method 
(Ozmen 1996). The computed settlements are seen in Figure 3.

The coefficient of the subgrade reaction is a constant between 
pressure and vertical displacement (settlement) and depends on 
the factors as soil class (sand, gravel, silt, clay, etc.) and the 
situation o f the soil (relative density, consistancy), foundation 
width, etc. The values of the coefficient of the subgrade reaction 
may vary across an area. There are different methods for the de
termination of the coefficient o f the subgrade reaction and these 
can be found in many books (Bowles 1988, etc.).

Menard (1975) gave the following equation for the coeffi
cient of the subgrade reaction utilizing the settlement equation 
based on pressuremeter test results.

4 COMPARISON OF THE COMPUTED AND MEASURED 
SETTLEMENTS, DISCUSSIONS AND RESULTS

A comparison of the computed and the measured settlements is 
made at selected lines due to the voluminous data in hand. Three 
lines are the middle, left and the right edges of the silo along 
length (see Fig. 2). As seen in Figure 3, the finite difference 
method underestimated setdements and Menard method overes
timated settlements. Both underestimation and overestimation 
are small in side edges, while they are relatively big in the mid
dle axis. Deviation from measured values along middle axis in 
the finite difference method is smaller than Menard values. 
Overall, in this study, it can be said that an alternative method 
(the finite difference method) is introduced against so called the 
unique method (Menard method).
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