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INTRODUCTION 
Building 

A 35 m high-rising warehouse was founded with jet-grouted 
columns, cement-stabilised sand layers and a steel fibres reinforced 
concrete slab. The maximum acceptable inclination difference for loaded 
flooring was 5  ∙10-4. 
  
Geological model and material properties 

Based on geotechnical investigations, a geological model was 
initiated, figure 1.  
Mean values of material properties of the soil used in the geo-design 

are presented in table 1. Characteristic values (5 % percentile) of the 
material properties were determined, assuming that the resistance 
parameters are lognormal distributed, which means 

 
f! = f! ∙ exp  (1.65 ∙ V)   (1) 
 
where fm = mean value of material property 
 fk = characteristic value of material property 
 V = coefficient of variation 
The coefficient of variation for soil regarding material property c’ 

was assumed equal to 20 %. This means that  
 
f! = 0.7 ∙ f!    (2) 
 

The coefficient of variation for the material properties E and tan φ’ 
was assumed equal to 10 %. This means that  

 
f! = 0.85 ∙ f!    (3) 

 

Figure 1. Geological model for the building area 

 
Strength and rigidity of the steel fibre concrete floor 

The mean value of the compressive strength of the concrete, fcm, 
was set to 34 MPa and the average tensile strength, fctm, to 1.94 MPa, 
these values calculated as follows. The relationship between the 
compressive strength of the cube and the cylinder is  

 
f!",!"# = 0.8 ∙ f!",!"#   (4) 
 
The mean value of the compressive strength of the concrete cylinder 
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f!",!"# = f!",!"# + 8  MPa   (5) 
 
The relationship between the in situ strength and the cylinder 

strength is set to 0.85. Thus the mean value of the compressive strength 
of the concrete is calculated according to 

 
f!" = 0.85 ∙ 0.8 ∙ f!",!"# + 8   (6) 
 
The average value of the tensile strength of the real structure is 

calculated with the relationships 

f!"# = 0.215 ∙ f!",!"#  !"
!/!    (7) 

f!",!"#  !" = 0.85 ∙ 0.8 ∙ f!",!"#  (8) 
 

When determining the coefficient of variation of the load bearing 
capacity of the actual structure, the following characteristic resistance 
values of  ”nonlinear FEM-analyses”  have been applied 

 
f!" = f!",!"#  !" = 27.2  MPa    (9) 
f!"# = 0,7 ∙ f!"# = 1.36  MPa   (10) 
 
The mean value of the modulus of elasticity of the concrete, Em, and 

the characteristic modulus of elasticity, Ek, in the actual structure is 
calculated with 

 

E! = 22,000 ∙ !"
!"

!.!
= 31,760  MPa  (11) 

E! = 22,000 ∙ !".!
!"

!.!
= 29,700  MPa (12) 

 
The fracture energy (Gf) of steel fibre reinforced concrete, with 35 

kg steel fibres/m3, can conservatively be set equal to 1,600 Nm/m2. 
 

Table 1. Mean value of geotechnical properties 
  Soil 

Property Unit Peat Loose 
sand 

Medium 
dense 
sand 

Dense 
sand 

Density kN/m3 12 17 18 20 
Density under water kN/m3 2 10 10 12 
Cohesion kPa 2 0 0  
Effective friction angle degr. 28 32 35 38 
Dilatancy degr. 0 8 8 10 
Preconsolidation kPa NC *    
Poisson’s ratio  0.3 0.3 0.3 0.3 
Young’s Modulus MPa 0.3    
Ev2 , plate loading tests MPa  10 20 40 

NC * = Normal Consolidated  
   

Material properties of stabilised sand and jet grouted columns  
Stabilisation with cement was performed to a depth of 5 cm into the 

underlaying stabilised soil layer. The total amount of binder depends on 
the water content but a usual mixture was cement 80 % and slag 20 %. 

The contractor conducted pre-tests for the development of recipes. The 
stabilisation was made to reach a mean value of uniaxial compressive 
strength of 2 MPa after 28 days of hardening at 20°C, see table 2.  

Jet grouting was performed in such a manner that the average value 
of the uniaxial compressive strength was at least 4 MPa after 28 days of 
hardening at 20°C, see table 2.  

In table 2 characteristic values, corresponding to the 5 % percentile, 
and mean values of properties are presented for both cement stabilised 
sand and soilcrete columns. 

 
Foundation methodology  

The foundation of the floor of the warehouse was reinforced in order 
to meet the maximum acceptable inclination difference for loaded floors. 
Therefore, jet grouted soilcrete columns, cement stabilised soil layers and 
a steel fibres reinforced concrete slab were installed. The soilcrete 
columns had a minimum diameter of 0.8 m. The stabilised layers, 80 % 
cement and 20 % slag, had a total thickness of 1.0 m. The concrete slab 
was 0.2 m thick, reinforced with 35 kg steel fibres/m3 with the 
dimensions 1× 49 mm, the fibres provided with end hooks. 
 

Table 2. Characteristic and mean values of properties for stabilised sand and 
soilcrete columns 

Parameter 
Cement 
stabilised 
soil 

Jet grouted 
soilcrete 
columns 

Coefficient of variation of compressive strength, % 20 20 
Mean Uniaxial compressive strength, MPa 2 4 
Characteristic compressive strength, MPa 1.4 2.8 
Mean tensile strength 0.377 0.599 
Characteristic tensile strength, MPa 0.264 0.419 
Characteristic modulus of elasticity, MPa 6017 10836 
Mean modulus of elasticity, MPa 8596 15479 
 

Experience is limited of soilcrete columns with surface stabilised 
layers as a geotechnical structure. As very small inclination difference 
was acceptable for loaded floors, the geotechnical structures were 
executed in the highest geotechnical class (GC3) with application of the 
Observational Method (OM) in accordance with the Euro Code in order 
to avoid exceeding the limit state. 

In the Euro Code, OM is an accepted method of verifying the load 
capacity of geotechnical structures. The Code specifies the fundamental 
approach partly by recommendations and partly by requirements.  

The application of OM fully assumes design using FEM analyses. 
Independent reviewers must be involved with geotechnical structures in 
GC3 in accordance with Swedish requirements. 

 
Design requirements  

The design of geotechnical structures for the sandwich foundation, 
soilcrete columns and surface stabilised layers as well as the steel fibres 
reinforced concrete slab, had to be undertaken in accordance with the 
national construction requirements in Sweden. 

 



The load capacity of geotechnical structures had to be verified in 
both the ultimate and serviceability limit states. Verification in the 
ultimate limit state intends to ensure load capacity so that there is 
adequate security against material failure. The intention of the 
requirements of the serviceability limit state is to limit fracture widths and 
deformations. 

Calculated loads were considered as characteristic values. Both 
pallet rack loads and truckloads were considered as variable loads and 
are multiplied by the partial coefficient 1.3 in the ultimate limit state. 

The maximum permitted inclination difference for loaded flooring 
is 5×10 -4 in the serviceability limit state. 

 
Safety principles 

The safety principles applied in the application of ”nonlinear FEM 
analyses” in this assignment follow the report ”Safety principles for 
bearing capacity analysis of bridges with non-linear methods”, [1].  

The response of the design of increasing load can be obtained via a 
non-linear FEM analysis. This allows both the serviceability limit state 
and the ultimate limit state to be analysed in a single calculation. The 
disadvantage of such an analysis is that the safety verification cannot 
normally be performed via a direct application of a partial coefficient 
method. It is therefore a general recommendation that a non-linear FEM 
analysis is performed with the mean values of input load capacity 
variables as input data. In this investigation, a non-linear 3D FEM 
analysis was performed to calculate the load capacity of the geotechnical 
structures.  

Safety verification can be achieved with the global safety factor γRg, 
which can be calculated as 

 
γ!"!!"# ∝!!!!      (13) 

 
where αR is a sensitivity factor for the load bearing capacity R, which 

can conservatively be assumed to be 0.8 and β is the required target value 
of the safety index. In accordance with Swedish requirements β is set 
equal to 4.3. The overall uncertainty related to the load bearing capacity 
R, including model uncertainty, is described with the coefficient of 
variation VR, calculated as 

 
V! = V!! + V!!    (14) 
 
where Vf  =  coefficient of variation for load bearing capacity 
 Vc  =  coefficient of variation for model uncertainty 

The coefficient of variation Vf can be equated to the coefficient of 
variation of the ruling material parameters linked to the failure mode. In 
more general cases, Vf can be determined on the basis of two separate 
non-linear analyses where the mean and characteristic values of the load 
capacity parameters are used as input data. These analyses give the load 
capacities Rm and Rk, from which the coefficient of variation Vf can be 

calculated as 

V! =
!

!.!"
ln !!

!!
    (15) 

When calculating the coefficient of variation VR, model uncertainty 
must also be taken into account in the analysis. Model uncertainty is 
described by the coefficient of variation Vc.  In the case of these particular 
geotechnical structures and application of the assessment of the model  
uncertainty the following three criteria must be fulfilled: 
• Accuracy of the calculation model (i.e. how well the analysis predicts 

actual behaviour). This is deemed to be normal.  

• Divergence between the strength of the structure and the test body. 

This is deemed to be small, since documented models for the in-situ 

properties of soil, stabilised soil, soilcrete columns and concrete are 

applied. 

• Amount of monitoring in the construction process. The amount of 

monitoring in the construction process is good.  
Fulfilling these ctriteria means that the coefficient of variation VC for 

model uncertainty of 7 % can be adopted when the design bearing 
capacity of the concrete slab is calculated and when the bearing capacity 
of soil, stabilised soil and jet-grouted columns are controlled. 

The partial coefficient γm was set to 1.0 in the serviceability limit 
state. However, in order to be able to verify, with reasonable assurance, 
that the requirements for total displacement and maximum inclination 
difference are met during loading a model factor γRd = 1.3 was 
introduced and directly applied on the calculated displacement and 
inclination difference.  
 
FEM ANALYSES OF STEEL FIBRES REINFORCED SLAB 
Determination of bending capacity 

Calculation of the extent of fracturing of the concrete was performed 
using FEM analyses and by using a deformation softening concrete 
model. This means that the load bearing capacity of the material 
decreases with increasing deformation, resulting in micro fractures. Thus 
the tensile capacity changes with increasing deformation. The so 
called ”smeared crack approach” was applied, giving fractures occurring 
in the element via a process of deformation by elongation corresponding 
to a shift in the fracture zone. 

Concrete is a brittle material. The fracture energy for concrete is only 
120 Nm/m2. With the addition of 35 kg/m3 steel fibres, the concrete 
becomes tougher and the fracture energy increases to at least 1,600 
Nm/m2. 

Validation of the deformation softening concrete model 
implemented in the FEM program ZSOIL was performed by 
comparing predicted behaviour with test load results from the concrete 
beams tested by a four-point laboratory bending test. 

 



The tested concrete beams had dimensions of 0.3 × 0.4 × 2.0 m3 and 
were reinforced with 30 kg/m3 steel fibres. The quality of the concrete 
meets the requirements of strength class C30, i.e. cylindrical unconfined 
strength 30 MPa, which has been verified with seismic tests measuring 
the resonance frequency. The lower and upper edges had longitudinal 
reinforcements. 

Results from the test loadings and a comparison with the behaviour 
predicted by 2D-FEM are presented in figure 2. The occurring bending 
moment is presented as a function of the deflection of the centre of the 
beam. Using 2D-FEM, a test load curve was predicted for both mean 
and characteristic values of the material properties. 

It is clear from the comparison between test load results and 
performed FEM analyses with ZSOIL that the used deformation 
softening concrete model predicts the behaviour of the test loaded 
concrete beams with a high level of accuracy. Predicted crack widths are 
also consistent with those measured, see figure 3. 

 

 
Figure 2. Comparison of behaviour predicted with 2D FEM and load test results 

 

 
Figure 3.  Comparison between predicted and measured crack width 

 
The load capacity of the concrete slab was verified in the ultimate 

limit state and it was shown that the design load effect was less or equal 
to the design load capacity. 

The load capacity of the steel fibre reinforced slab in the ultimate 
limit state is presented in figure 4.  

The coefficient of variation Vf for resistance was determined on the 

basis of two separate non-linear analyses, in which the mean and 
characteristic values for material properties were used as input data. 
These analyses gave resistances of Rm = 33 kNm/m and Rk = 24 
kNm/m, from which the coefficient of variation Vf was calculated at 
19 %. 
The global safety factor, including the effects of model uncertainty is 

thereby according to Swedish requirements equal to 2.0. This means that 
the design moment capacity is equal to 16.3 kNm/m. 

 

 
Figure 4.  FEM calculated test load curve for both the mean and characteristic 

values of material properties 

 
Figure 4 also shows the maximum calculated design moment 

capacity in the ultimate limit state. The requirements of the serviceability 
limit state intend to limit the characteristic crack width to a maximum of 
0.2 mm. The calculated bending moment as a function of the 
characteristic fracture width is presented in figure 5. 

The characteristic crack width at the design moment capacity in the 
ultimate limit state of 16.3 kNm/m is only 0.01 mm.  

 

 
Figure 5. Calculated bending moment as a function of characteristic fracture width 

 
Calculation of design load effect in the concrete slab 

With 3D-FEM and the implementation of non-linear material 
properties for soil, stabilised soil, jet grouted columns and steel fibres 
reinforced concrete slab, the maximum calculated bending moment in 
the concrete slab was calculated using the non-linear material properties 
of the shell elements modelling the concrete slab.  

Calculated moment distribution and displacement with a load in the 



ultimate state limit are presented in figure 6 and figure 7 respectively. 
The maximum bending moment is 12.7 kNm/m. 

 
Figure 6. Design bending moment in the ultimate limit state 

 

 
Figure 7. Calculated displacements in the ultimate limit state 
 
3D-FEM analyses of foundation 

The load capacity of the flooring slab shall be verified in the ultimate 
limit state and it must be shown that that the design load effect is less or 
equal to the design load capacity. 

The performed 3D FEM analyses of the foundation loading 
capacity in the ultimate limit state and the design settlement in the 
serviceability limit state is shown in figure 8. 

The coefficient of variation Vf for bearing capacity was determined 
on the basis of two separate non-linear analyses where the mean and 
characteristic values for input material properties was used as input data. 
These analyses gave the bearing capacities Rm  = 5.4 × characteristic load 
effect and Rk  = 3.7 × characteristic load effect from which the coefficient 
of variation Vf was calculated at 23 %. The global safety factor, including 
the effect of model uncertainty, was equal to 2.36. This means that the 
design bearing capacity is equal to 2.3 × the characteristic load effect. The 
design bearing capacity is significantly greater than the design load effect, 
see figure 8. The largest calculated design displacement in the 

serviceability limit state was 9.4 mm. 
The largest calculated design inclination difference in the 

serviceability limit state was 0.7×10 -4. 

 
Figure 8. Displacement as function of the load effect 

 
WORK EXECUTION AND MONITORING 

In this project the Observational Method (OM) was used for the 
execution and monitoring of geotechnical structures. 

The results of follow-up monitoring were evaluated at appropriate 
stages of construction and corrective measures were implemented if 
behaviour limits had been exceeded. The quality controlling material 
properties were monitored in order to verify conditions and the 
construction work performed. 

Monitoring was performed and documented by the contractor. All 
documentation had to be communicated with the geotechnical engineer.  

The contractor was responsible for producing and developing work 
preparation plans, monitoring plans and contingency plans, which was 
made in collaboration with the geotechnical engineer. A work 
preparation plan is presented below: 
1. The sand terrace is positioned 0.8 m under the surface of the 

concrete floor. The terrace is altered to the correct level, with 

tolerances between 0 and +25 mm. 

2. Compaction of the terrace with a 13 tonnes vibratory roller. CCC-

monitoring with a minimum Ev2-level of 10 MPa. If lower values, 

the base material must be further reinforced. In addition to CCC, 

checks were performed with a German light falling weight device. 

3. Inspection of the water content of the terrace with a Troxler isotope 

gauge, 1 measurement/500 m2. These inspections are performed in 

order to establish how much binder to spread per m2. 

4. The surface is watered, and then milled. Watering the day before 

stabilisation. Checks with a Troxler to verify that sufficient water 

has been applied.  

5. Binder is spread. Inspections are made by placing a 1×1 m2 

geotextile on the terrace when the binder is spread. The geotextile is 

then weighed with scales.  The stabilising agent is milled into the 



soil to 400 mm depth. Visual inspection of the milling depth and 

continuous checking with help of a ruler and a GPS mounted on 

the milling cutter. 

6. Compaction with two single drum vibratory rollers of 21 and 13 

tonnes respectively, with low amplitude and in a ”tandem 

operation”. Acceptable amount of air voids after compaction is 5 

%, inspected with a Troxler c/c 10 m directly after compaction. 

7. Adjustment with a planer of the surface of the terrace must be 

performed within 2 hours after stabilisation.  

8. Level control of the stabilised surface is performed after the terrace 

has been aligned with a planer.  

9. Seismic survey of the strength of the stabilised layer, 7 days after 

completion of the layer. No traffic allowed passing over the surface 

before the seismic survey without consultation with the 

geotechnical engineer. 

10. After approval of the layer, a next 300 mm layer of sand is laid. The 

surface is altered to the correct level, with the same tolerances as 

above, between 0 and +25 mm. 

11. Same as No 3 - 9 above, but milling depth 350 mm. 

12. Installation of jet grouted soilcrete columns with a minimum 

diameter of 0.8 m at a minimum depth of 1 m in the dense till. 

Installation around 0.2 m into the lowest stabilised layer in order to 

ensure contact between columns and stabilised layer. This must 

ensure that the injected concrete, at the time of installation, must end 

in line with the upper edge of the stabilised layer. Tolerance for 

geometric horizontal positioning of the columns is between +50 

and -50 mm. 

13. After jet grouting, the uppermost layer of sand is laid with a 

thickness of 300 mm. The surface will be altered to the correct 

level, with tolerances between 0 and +20 mm. 

14. Same as No 3 - 6 above, but milling depth 350 mm. 

15. Final compaction with a static 28 tonnes pneumatic roller. 

Inspections directly that correct levels have been reached. 

16. Watering during the first 3 days after stabilisation, 2-3 times/day. 

17. Same as No 9 above. 

18. Before concreting steel fibre reinforced concrete slab, the surface 

was wire brushed and vacuumed in order to remove loose particles. 

After cleaning, the surface is inspected and approved. 

19. Concreting the steel fibre reinforced concrete slab. 

Notes on the two lower stabilised layers: 

1. No traffic shall pass over the surface during the first 24 hours 

after stabilisation is complete. When laying new layer for 

stabilisation, trucks should reverse over the completed layers. 

2. Stabilisation of soil layers should only be performed if the 

mean daily temperature on the day of stabilisation and the 

following day is at least + 3° C. 
Notes on the uppermost stabilised layer: 

1. No traffic may pass over the surface until the seismic 

measurements have been performed (7 days). Geotextile and 

crushed rock 0-16 mm must be laid at points of entry and 

exit. 

2. Stabilisation of the soil should only be performed if the mean 

daily temperature during the day of stabilisation and the 

following day is at least + 5 ° C. 

3. There should be a minimum of 10 days between stabilisation 

and casting the concrete floor. 
 
VERIFICATION 

The finished construction was quality controlled by test loading with 
heavy falling weight deflectometer, (FWD), at every jet grouted column 
and between them directly on top of the cement stabilised layer.  
The geotechnical engineer compared, with a positive result, the test load 
results with FEM calculated deflection curves based on verified material 
properties. 
 
CONCLUSIONS 

The foundation of a 35 m high warehouse was successful using jet-
grouted columns, surface stabilised soil layers and steel fibres reinforced 
concrete slab.  
Advanced non-linear analyses made the foundation feasible 

together with the Observational Method involving accurate planning.  
Testing operations before and during work operations, reviewing 

and a great portion of communication between parties of engineers, 
workmen and the client secured the foundation works.   

Using natural materials as the soil itself in the jet-grouted columns 
and in the stabilised soil layers together with incineration residues in the 
stabilised soil layers made the foundation environmentally friendly.  
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