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Large scale laboratory loading tests on reinforced sand-peat structures 

Les experiences a grande 6chelle dans une fosse sable-tourbe renforc6e

A . A a l to ,  P .F r ib e r g  &  E . S I u n g a -F in la n d

ABSTRACT: Large-scale, axi-symmetric loading tests were conducted on reinforced granular fills compacted on a tom peat deposit. 

The purpose o f loading tests was to investigate the effect o f synthetic reinforcements on the bearing capacity of a granular layer on soft 

subgrade. The loads and displacements o f the plate, vertical stresses in the soil, the horizontal displacements o f reinforcements as well as 

the relative strains of them were measured. The results were compared with calculations made by finite element method (FEM).

1. INTRODUCTION

This research work has been done in the laboratory for Soil Me

chanics and Foundation Engineering at Helsinki University of 

Technology and it forms a part o f the larger research project: 

Georeinforcements. The main purpose of this work was to in

vestigate the effectiveness of synthetic reinforcements when im

proving the bearing capacity o f a granular soil layer on soft sub- 

grade. The results were compared with similar unreinforced soil 

structure.
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The investigation was carried out using a rigid, circular loading 

plate. The loads were applied with a hydraulic actuator that 

could apply either static or cyclic loads. The large scale loading 

tests were conducted on a granular layer on a compacted peat 

deposit with a thickness of 0.5 m.

The plate loading tests were done with three different reinforce

ments. The reinforcement was placed at the interface between 

the peat layer and the granular material used for the sub-base. In 

one test there was two reinforcements: one at the interface be

tween the sand and peat layers and another in the middle o f the 

sand sub-base.

The loads and displacements o f the plate, vertical stresses in the 

soil, the horizontal displacements o f reinforcements as well as 

the relative strains o f reinforcements were measured by trans

ducers and strain gauges installed in the model structures. In 

addition, the vertical displacement o f soil surface around the 

loading plate was measured. FEM analyses by FEM were car

ried out to make clear the behaviour o f a polymer reinforcement 

and to compare the calculated results to the measured ones.

2. TEST ARRANGEMENT

2.1 Materials

The model tests were conducted in a soil basin (Fig. la) where 

three different structures were made at same time, side by side, 

as shown in Fig. lb  - g. The soft subgrade consisted of a tom 

compacted peat layer with a thickness o f 0.5 m. The sub-base 

structure was made of sand and in one case o f light expanded 

clay aggregate (LECA) and crushed rock (CR). The used rein

forcement products were: a woven polyester textile, a drawn 

polypropylene grid and a woven polyester grid. Some data of 

soils and reinforcements are given in Table 1.
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Figure 1. a) The soil basin and b)...g) different test structures.

Table 1. Data o f reinforcements and soils used in test structures.

R EIN FOR C EM EN TS

Secant tensile stiffness [kN/m]

Type o f reinforcement Jscc2% Jsec4% Jscc6% Jsecl0%

polyester, woven 1790 1770 2120 2110

polyester, woven grid 430 300 300 380

polypropylene, drawn grid 560 490 430 330

SOILS

Properties Peat Sand LECA CR

Unit weight [kN/m3] 7 19 3 20

Cohesion [kPa] 8 - 3 10

Friction angle [°] 23 42 45 44

2.2 Instrumentation

The circular loading plate o f 300 mm in diameter was placed in 

the middle o f every test field. During testing the plate loads and 

plate displacements were monitored. The vertical displacements 

o f the granular sub-base were also measured at a number of
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places around the loading plate. In every test field there were 

three stress transducers installed at both sides o f the sand-peat 

interface (Fig. 2). In addition horizontal movements were ob

served at different locations o f a reinforcement grid using a wire 

system, where metal jaws, attached to longitudinal elements o f 

grid, were connected with a wire in plastic pipe to the transducer 

(LVDT). In two tests, fifteen high elongation strain gauges were 

inserted to transverse (and longitudinal) elements o f polypropyl

ene grid.

3. TESTING PROCEDURE

The loading program included firstly two static loadings, sec

ondly a periodic loading with 10 f?00 cycles with a frequency of

1 Hz and finally again two static loadings. In static loading the 

load was increased when the rate o f plate displacement became 

less than 0.05 mm/min.

The maximum load during the three first static loadings was 

limited to 150/200 kPa because an unexpected failure occurred 

on the stress level o f 250 kPa when loading unreinforced and 

with polypropylene grid reinforced structures. The periodic load 

varied between 25 and 100 kPa. The last (fourth) static loading 

was continued until to failure. A typical load-displacement curve 

of the loading plate is represented in Fig 3 (polyester, woven 
grid, Fig lb).

The data from instrumentation was read and saved automatically 

and continuously through the whole test procedure.

4. TEST RESULTS

A part o f the load-displacement curves from the first static 

loading are shown in Figure 4. The corresponding moduli o f 

subgrade reaction (k,,) are shown in Table 2. In the first loading 

the displacements and k,,-values are quite small. The differences 

between the unreinforced and reinforced structures are possibly 

due to the better compaction of sub-base material (sand) on the 

reinforced peat layer (the compaction work was easier to do on 

the stiffer reinforced peat layer). The structure g), LECA-gravel 

sub-base, is remarkably stiffer than the others.

The moduli o f subgrade reaction in the second static loading 

(k^) are about two times higher than those in first loading (Table 

2). During the periodic loading the vertical displacements were 

only 4-6 mm and no particular differences between unreinforced 

and reinforced structures were observed. In the third static load

ing every k,-value was little higher than in the second loading.
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Figure 2. Instrumentation of a test structure.

Vertical stress on loading plate, kPa

Figure 3. Load-displacement curve o f a structure reinforced with 

a woven polyester grid (Fig. lb).

Vertical stress on loading plate, kPa

Figure 4. The vertical displacements o f loading plate vs. vertical 

stress on loading plate in the first static loading o f the test 

structures shown in Fig. lb-g.

Table 2. Moduli o f subgrade reaction (k,,) from the first and (k,2) 

from the second loading.

MODEL STRUCTURE Modulus o f subgrade reaction 

k,, (p=25.. 150 kPa)[MN/m3J

k,i Ki

polyester, woven grid b 15,5 23,8

unreinforced c 9,6 23,5

polypropylene grid d 16,9 41,0

2xpolypropylene grid e 17,42 31,0

polyester fabric f 14,49 31,3

polypropylene grid +LECA g 34,36 79,4

Figure 5. The vertical displacements o f loading plate vs. vertical 

stress on loading plate in the last static loading o f the test struc

tures shown in Fig. lb-g.

The effect o f the periodic loading made every structure a little 

stiffer.
The fourth static loading to failure is presented in Figure 5. The 

maximum initial displacement was about 18 mm in the unrein

forced (c) and with polyester grid reinforced structure (b). The 

behaviour o f structures was elastic until to stress limit p ~ 200 

kPa. After that plastic strains occurred between 200 - 250 kPa. 

Shortly after that the structures collapsed (the punch failure rep

resented in Fig 6 was typical for every stucture). The total dis

placements before collapsing remained under 40 mm. A greater 

vertical displacement is needed for a proper mobilisation of the 

strength o f the reinforcement, and correspondingly for a greater 

effect on the bearing capacity o f a structure.

In spite o f the small deformations the effect o f reinforcement on 

displacement and bearing capacity o f a structure can be seen in 

Figs 7 and 8. Fig. 7 shows vertical displacements o f the plate 

from three loading steps in the last loading (displacements were 

set to zero in the beginning of loading). There are no particular 

differences at the first two steps (p= 150, 200 kPa), but at the
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Figure 6. The failure o f static load test (Fig.lg, punch failure).

Symbols o f the structures in Fig. 1

Figure  7. Vertical displacements o f the plate from three loading 

steps in  the last loading (displacements were set to zero in the 

beginning  of the fourth loading).

Vertical displacem ent of plate, mm

Figure 8. Bearing capacity ratio vs. vertical displacement in the 

last loading (displacements were set to zero in the beginning of
loading).

Table 3. Ultimate bearing capacity ratio, BCR^,.

STRUCTURE: b c d e f g

BCR., 1,05 1,00 1,06 1,18 1,13 1,97

step p= 250 kPa the displacement o f an unreinforced structure 

increases to some extent compared to a reinforced structure. The 

same increasing reinforcement effect is presented in Fig. 8. The 

BCR-value (bearing capacity ratio) on y-axis is defined in Eq. 1.

BCR = P™,r(Si) / P^inf.CSi) ( 1 )

where prem((s,) = load on the surface of a reinforced structure at 

vertical displacement si5 [kPa], p ^ .^ s , )  = load on the surface of

Figure 9. The strain o f drawn polypropylene grid vs. distance 

from loading centre and the load on the plate during the fourth 

static loading (structure Fig. lg).

Figure 10. Horizontal displacement vs. the distance from loading 

centre and the load on the plate during the fourth static loading 

(structure Fig. lb). This kind of behaviour was typical for every 

reinforced structure.

a corresponding unreinforced structure at vertical displacement 
s , [kPa],

The ultimate bearing capacity ratio, BCR*,, is independent from 

displacement (s,). It is the ratio o f the highest values of loads 

reached before failure: (Eq. 2). These values for the model 

structures are given in Table 3.

BCR„,t = pm„inf / p ^ i n f  (2)

where pmreinf = maximum load of the reinforced structure [kPa], 

Pm™reinr = maximum load of the unreinforced structure [kPa].

The relative strain of the polypropylene grid between peat and 

LECA measured by strain gauges (Fig. 9) indicates that tensile 

forces in reinforcements were quite low and the capacity o f rein

forcements was not highly utilized (the vertical displacement in 

this test at the last steps was about 60 mm). The relative strain 

under two percent (occurred just under the loading plate) in 

transverse elements o f polypropylene grid corresponds a tensile 

force under 3,5 kN/m (estimation has been done using the rela

tionship between a mobilized tensile force and a strain rate (Yeo 

1985)).

In the test d (sand base above polypropylene grid), the highest 

measured relative strain was under one percent, because of the 

smaller vertical displacement.

The horizontal displacements o f reinforcements (measured by 

wire system) were small (<2mm) even at the failure o f struc

tures. Therefore we can assume that the anchorage length of re

inforcements was adequate (Fig. 10). The same conclusion could 

be derived from Fig. 9 where the relative strain (tensile force)

Distance from 

loading centre:

0 mm 

-200mm

• 660 mm

• 1100 mm

• 1540 mm

100 200 300 400 500 

Vertical stress on loading plate, kPa
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values decreased quickly when the distance from the loading 

centre increased.

The stress transducers installed at both sides o f the sand-peat 

interface did not give sensible measurement results probably be

cause of arching o f materials around.

5. FINITE ELEMENT CALCULATIONS

5 .1 Plaxis-program and calculation scheme

Finite element calculations have been made using Plaxis- 

program. The used Plaxis-program is so called professional ver

sion 5.1 for 100 elements (15-noded triangles). For finite ele

ment calculations the plate bearing tests were modelled axi- 

symmetrically using geometry, element mesh and boundary 

conditions presented in Fig. 10.

Before the loading calculations the initial stresses were calcu

lated in drained conditions using so called gravity loading and 

slightly different boundary conditions. The finite element calcu

lations modelling the plate bearing tests were done as strain 

controlled calculations, where the subbase was undrained and 

the super structure was in drained conditions. The calculations 

were conducted using the so called updated mesh analysis.

5.2 Properties o f materials

The behaviour o f soil was modelled as Mohr-Coulomb material. 

The values o f parameters used in finite element calculations are 

given in table 4.

The values o f reinforcement stiffness used in calculations were 

the secant stiffnesses between the deformations of 0 and 2 %. 

For the woven polyester grid the stiffness was 430 kN/m, for 

woven polyester textile 1790 kN/m and for drawn polypropylene 

grid 560 kN/m. The parameter values o f interface layers depend 

on the structure o f reinforcement and soil type. These values are 

given in Table 5. The Poisson ratio was 0.495 in all cases and 

the shear modulus was the same as o f soil.

Table 5. Parameter values of interface layers.

Type of Friction Cohesion Dilation

interface angle (°) (kPa) angle (°)

drawn grid - sand 43 1 6

drawn grid - LECA 30 1 25

drawn grid - peal 17 3,5 0

woven grid - sand 41 1 4

woven grid - peat 17 3,5 0

woven textile - sand 40 1 3

woven textile - peat 14 3 0
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Figure 11. Settlement vs. average contact pressure in a) one rein

forcement cases and b) two reinforcement case and LECA-CR 

case.

5.3 Results o f finite element analysis
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Figure 10. Element mesh and boundary conditions.
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Table 4. The used values of parameters in finite element calcu

lations.

Parameter Peat Sand CR LECA

Shear modulus 

G (kPa) 425 12000 15000 3000

Poisson ratio 

u  ( - ) 0,17 0,30 0,25 0,25

Friction angle

f  n 23 46 46 30

Cohesion 

c ' (kPa) 5 1 1 1

Dilation angle

V C ) 0 9 20 25

The finite element calculations are restricted only to the first 

static loadings. As a result o f these calculations the settlements 

o f the loading plate are presented in Fig. 11.

In Fig. 12 a-c the vertical displacement as well as force and 

strain of reinforcement mobilized as a function o f average con

tact pressure are presented as an example in the case of drawn 

polypropylene grid.

The change of vertical total pressure at the level o f 50 mm above 

the interface of sand and peat due to the loading is presented in 

Fig. 13 both in the unreinforced case and in the case reinforced 

with drawn polypropylene grid.

5.4 Comparison o f element calculation with some conventional 

design methods

The results o f finite element calculations have been compared 

with some corresponding design results based on the Giroud and
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Figure 12. a) Vertical displacements o f reinforcement (drawn 

polypropylene grid), b) mobilized force in reinforcement and c) 

elongation of reinforcement, for different average contact pres

sures.
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Figure 13. Change of total vertical pressures.

Noiray (1981) method and on the ”Oxford”-method (Milligan et

al., 1989).

When the settlement o f loading plate varies from 30 mm to 40 

mm, the average contact pressure according to the Giroud and 

Noiray method varied from 200 kPa to 240 kPa due to the stiff

ness of the reinforcement. For the same displacement the calcu

lated (FEM) contact pressures were 40 % higher when using a

PES - grid

PP - grid

PES - textile 

t-h  
Strain

Settlement, mm

Figure 14. Strain and force in reinforcements based on the 

method o f Giroud and Noiray.

grid and 25 % higher when using a woven textile. The higher ef

fectiveness o f a grid depends on the arching effect in the sand 

layer and on the more effective friction between a grid and soil 

than between a textile and soil.

When using the ”Oxford”-method there is no benefit o f using 

reinforcement in this kind of model structures (one reinforce

ment). The so called ’’fill failure” load is 280 kPa in each one of 

the cases.

Elongation and mobilized forces in reinforcements based on 

Giroud and Noiray (1981) design method are presented in Fig. 

14.

For 40 mm vertical displacement o f the loading plate the aver

age strain of a reinforcement is 0.7 %, which corresponds to the 

total strain from the strain distribution presented in Fig. 12c. For 

the same displacement o f the plate the average mobilized force 

in reinforcement (PP-grid) is 3 kN/m, which again corresponds 

to the total force that can be calculated on the basis o f the force 

distribution presented in Fig. 12b.

6. CONCLUSIONS

The observations from the model tests showed that at small ver

tical displacements (<40mm) a reinforcement between a soft 

subgrade and a sand layer did not significantly decrease settle

ments or increase the bearing capacity of the structure compared 

with an unreinforced structure in Fig. lc. The best bearing ca

pacity ratio was reached when using two reinforcements 

(BCR^,=1.18) and when using the LECA/Crushed rock-structure 

(BCR^„=1.97). The last one, however, differs greatly from the 

other structures. These results seem to coincide with other 

model tests (Milligan et al., 1986) and results o f numerical 

analysis (Rowe and Soderman, 1985).

At larger displacements the benefit o f reinforcement would be 

better; not only due to the preventing of the lateral spreading of 

the base material but also due to membrane effect (Giroud & 

Noiray 1981). The compaction of a granular sub-base material 

on a reinforced soft subgrade gives also better result than on an 

unreinforced subgrade.

The calculated bearing capacities o f a sand layer on peat foun

dation coincide to the measured values from plate bearing tests. 

The siffness o f a reinforcement had only a little effect on the 

bearing capacity. The density o f super structure had larger effect 

on the bearing capacity than the stiffness o f a reinforcement.

The elongations o f a drawn polypropylene grid measured with 

strain gauges during plate bearing tests were approximately one 

half o f the calculated elongations. Strain distributions were 

similar in both cases. The changes o f normal and shear stresses 

at the interface of sand layer and reinforcement could not be
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verified with the plate bearing tests. Calculated changes corre

spond to the results o f small-scale model tests and finite element 

calculations of Burd (1986). Reinforcements decreased the shear 

stresses at the top o f peat layer.

A lot o f difficulties was caused by the determination o f the pa

rameters o f peat for FEM calculations.
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