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Geogrid reinforced slopes with convex and concave curvature

Les pentes convexes et concaves renforcés par géogrid

P.RIMOLDI, Technical Director, RDB Plastotecnica, Vigano, Italy 

A.R.TOLLESON, A.M.Asce, Geotechnical Engineer, F & ME, Columbia, South Carolina, USA 

F.MONTANELLI, Products Engineer, Tenax Co., Jessup, Maryland, USA

SYNOPSIS A case history is presented addressing the analysis, design, and construction of one of the

most challenging geogrid reinforced slope completed to date, with tangential and radial tensile forces that 

resulted from the concave and convex inflection of the slope alignment, and from the combined effects of 70 

kN/m* surcharge, 70* wall inclination and 13 m height. Soil and geogrid testing, design and construction 

methods are explained.

1 INTRODUCTION

Sidney Park, located in Columbia, South Carolina, USA, 

is the site of one of the most impressive geogrid 

reinforced steep slope completed to date. In the conce

ptualization stage of the project, the landscape archi

tect desired near vertical slopes that experienced 

concave and convex inflection along it6 length. The 

final park landscaping consisted of a large slope and 

seven smaller semi-circular "patio” slopes. The large 

slope is divided into three sections: first a large 

concave slope section which is 13 m in height and 

features a waterfall structure which subjected the 

slope to a large surcharge load and the potential for 

water infiltration (see Fig. 1); secondly, a linear 

section which is 8.3 m in height; the third section of 

the slope forms a half circle and is also 8.3 m in 

height. Sharp curved wall alignment were essential to 

the architectural theme of the park and thus wall 

curvature was limited to 7.7 to 12.3 m radius. A near 

vertical wall inclination of 70* was required for all 

wall construction to accomodate Loffelstein blocks, an 

uncemented masonry facial feature. Therefore the major 

considerations identified for design of the slope in

cluded: concave and convex curvature along length of 

wall; near vertical wall inclination of 70*; surcharge 

loads of 70 kN/m1; constant 1250 mm/year direct irriga

tion of vegetative cover on slopes; zone II seismic 

loads of 0.1 g to 0.15 g; site history of a slope 

failure that resulted in five deaths; potential satura

tion of backfill soil by the water feature.

2 CEOTECHNICAL INVESTIGATION

Prior to the evaluation of possible slope reinforcement 

alternatives a complete geotechnical investigation was 

conducted. A series of SPT borings were performed wi

thin the area for slope construction and were extended 

thru the proposed reinforced zone and approximately 10 

m into the underlying foundation soils. The field inve

stigation included undisturbed tube sampling for labo

ratory triaxial shear strength testing. UUIC, CDIC and 

CUIC shear strength tests were performed to model anti

cipated total and effective stress paths for prediction 

of short and long term soil behaviour. The results of 

the testing provided upper and lower bound estimates of 

existing and long-term states of stress in the soil 

system under the influence of the design load. The 

results of the drained and undrained strength testing

were used to simulate partially to fully saturated soil 

conditions. Geologically, the site is situated in the 

Piedmont region of South Carolina in close proximity to 

the fall line. The soil borings and index tests perfor

med identified five major soil stratum within the in

fluence of the anticipated failure circles (see Fig. 

lb). Generally, the site soils consist of residual and 

alluvial silty fine to medium sands and fine to medium 

clayey silts. Index testing identified the five soil 

groups as USCS classifications of (SM), (SM-SL), (SU

SP), (CL) and (SP). Silt and clay percentages ranged 

from 13 to 67 X, with internal friction ♦ ranging from 

12* to 4 0 *, and cohesion c ranging from 0 to 04 kN/m*.

Several slope reinforcement alternatives were con

sidered for use on the project. They included a conven

tional gravity retaining wall which was structurally 

feasible but proved to be too costly; a Criblock wall 

system which could not accomodate the tight 7.7  to 12.3 

m radius curves of the concave and convex walls; and a 

Reinforced Earth system which was unacceptable because 

of potential corrosion to the steel belts from constant 

nitrate fertilization of the vegetative cover. Finally, 

it was determined that high strength mono-oriented 

geogrid reinforcement (see Fig. 2) was the most compa

tible option for the slope design requirements. Field 

and laboratory studies have shown that the high early 

modulus strength of the geogrid can only be effective 

through synergy between soil and geogrid (Bathurst et 

al, 1987). To maximize this synergy, a granular soil 

was required. It became apparent from the existing 

unstable slope foundation soils on the project and the 

need for proper drainage that requirement of a free 

draining high internal friction soil for all structural 

backfill was a necessity. Through investigation, a 

design internal friction ♦' = 28* and an average perme

ability k20” 10“ 3 cm/sec were specified. To achieve 

these design properties, an allowable soil gradation 

envelope was established: the laboratory testing resul

ted in a maximum allowable percentage of silt and clay 

of 301, and a relation was established with the uni

formity coefficient Cu. Because internal friction is 

critical to overall slope behaviour and design, provi

sions were afforded to require continuous testing and 

verification of backfill soil gradation and strength 

during construction.

3 CEOGRID TESTING

The geogrids chosen by the contractor for the Sidney
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Park Project were Tenax TT4, manufactured in Italy by 

RDB Plastotecnica. The Tenax geogrids are composed of 

HDPE reain. In the manufacturing process, the product 

is prestressed causing alignment and orientation of the 

hydrocarbon molecules, achieving high early modulus and 

minimized tensile creep elongation. Then tensile 

strength, yield point elongation and creep behaviour 

are the most important properties to be evaluated to 

define the design strength of the grids. Tensile 

strength (in terms of force per unit width of geogrid) 

and yield point elongation are typically measured with 

constant speed tensile test. The results are highly 

dependent on the extension speed: since there is no 

international standard, it was chosen to use a speed of 

300 mm/min, according to ASTM D1682-2R-E, which is a 

standard test for geotextiles. The results gave a peak 

tensile strength equal to 60 kN/m and a yield point 

elongation equal to 14.5 Z of the original length. 

The results are to be regarded as an index test and not 

as a performance test on which the design can be based. 

Instead, creep behaviour (that is elongation during 

time under a constant load) is a critical parameter: 

therefore the allowable design strength corresponds to 

the maximum load which causes an asymptotic and not 

destructive elongation of the geogrid for the whole 

design life of the reinforced earth structure. Creep 

tests were independently conducted by the manufacturer 

and by the geotechnical consultant of the project (F&ME 

of Columbia, SC, USA). The 1000 hour creep test by the 

consultant were used to control the long term tests 

(5000 *fr 10000) submitted by the manufacturer: the inde

pendent results were in agreement. The creep test pro

cedure, shown in Fig. 3, utilizes single ribs of geo

grid, in order to conservatively eliminate any synergy 

influence between adjacent longitudinal ribs through 

the nodal junction; an accurate length between two 

reference marks was initially precisely set at 1000 mm; 

then elongation was periodically measured and plotted 

versus the elapsed time. Multiple test loads, ranging 

from 20 X to 50 7. of the peak tensile strength, were 

applied to randomly collected geogrid ribs. Some 

results of creep tests are shown in Fig. 4. Due to the 

particular difficulties and uncertainties involved in 

the actual project, it wa& decided from creep tests 

that the allowable tensile strength P of the geogrids 

for the actual design should be limited to 20.0 kN/m.

It is then possible to determine the number, length 

and position of the geogrid layers needed to resist the 

force T, in such a way that in every point the tensile 

force is less than the previous allowable value.

- Sliding on the base: this failure mechanism was 

analysed with the scheme shown in Fig. 5.a), where:

Pa = 1/2 r 1 (H + q2/y>2 - 1/2 K y <q2/ n 2 (3)

(4 )

The resulting Factor of Safety was greater than 1.7.

- Overturning: the scheme shown in Fig. 5.b) was used 

for this analysis. With Pa given by eq. (3), the Factor 

of Safety against overturning around the toe was grea

ter than 7.5.

- Earth-quake conditions: the previous analysis were 

performed also condidering an increased active pressure 

due to seismic conditions, but allowing a lower Factor 

of Safety which, in this case, should be greater of 

1.10. For earth-quake conditions (Richardson et al, 

1977) the active pressure diagram is to be modified as 

shown in Fig. 6, where:

E s* 1.4 (a/g )

So

Pa.

1/2 (1 + z/H) E o0

16a
ml n

H/2

(5)

(6)

(7)

(8)

The previous analyses were recalculated using now, 

instead then Pa, the outward force Pas, calculated for 

the seismic coefficient (a/g) = 0.15. For sliding on 

the base the resulting Factor of Safety was now lowered 

to 1.27, while for overturning it was 5.4.

- Rotational sliding: the global stability analysis 

was performed, according to the scheme shown in Fig. 7, 

with a Bishop Modified Method, searching the circular 

surface which yields the minimum Factor of Safety. 

Because of the presence of geogrids, superposition was 

applied to the resisting moments given by the 6oil and 

by the reinforcement. The Factor of Safety was therefo

re computed as :

FS => (Mr + Mg) / Mo (9)

4 REINFORCED SOIL DESICN

In addition to classical static analysis, the design 

and the stability analysis, have taken into account 

also seismic conditions and three dimensional effects 

due to the sharp curvature of the wall. Strict require

ments were satisfied on the Factor of Safety against 
several possible failure mechanism, as explained below.

- Internal stability and design of the reinforcement: 

the design method for geogrid reinforced steep slopes 

is based on extensive stability analysis with the two- 

part wedge mechanism CJewell et al, 1984 3. It allowed 

to obtain design charts which yield the coefficient of 

earth pressure, K, and the ratio between the geogrid 

length and the slope height, (L/H), as a function of 

the slope angle B; a family of curves is provided for 

various friction angle To achieve a required global 

Factor of Safety FSg, before entering the charts the 

effective friction angle ♦' is reduced according to the 

equation:

= arc tan (tan *' / FSg) (1).

The global outward force which mu6t be resisted by 

the tensile forces mobilized in the geogrids is then 

given by:

(2)

where : q

T = 1/2 K y (H + q/yr 

surcharge.

where: Mr = resisting moment of the soil, according 

to Bishop method;

Mg = resisting moment of the geogrids, calcu

lated as the tensile force at the sliding 

surface multiplied by the moment arm of 

each geogrid;

Mo = overturning moment, according to Bishop 

method.
An extensive iterative computer calculation allowed 

the precise investigation of a grid of different cen

ters of failure circles, with many different radii for 

each. Anticipated short and long term geotechnical 

characteristics of the multilayered soil system were 

applied, both with and without seismic conditions. 

Geogrids were modelized with the diagram of tensile 

forces shown in Fig. 7, which considers also the ancho

rage zones. The minimum Factor of Safety obtained from 

the analysis was 1.45 without earth-quake and 1.10 for 

a seismic condition of (a/g) = 0.15.

- Three dimensional effects: since the wall has a 

sharp curvature, the concave and convex reinforced 

blocks can be considered like two archs, which tran

sform part of the radial forces into tangential ones. 

With reference to the scheme shown in Fig. 8, the 

radial and tangential stresses in each semicircular 

reinforced block are given by:

= Cazb2(p - p ) r + (p, b - pa*)] / Ca - b*3 
r o I I •

< 10)
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a^= Cazb2(p)- Pe ) r2+ Cp(b2- P^a2)} / Ca2- b2 D (11)

711636 equations were used with the following input 

boundary values:

P | = 0; pe = K y z for the concave section;

- p = K y z ; p * 0  for the convex section, 
i •

The above equations show that there are tensile tan

gential stresses in the convex section, which at the 

face are actually equal to:

o I = 0.66 K y z (12)

Because soil can carry little or no tensile stress, a 

reinforcement is required also in tangential direction, 

to resist the force:

T * 0.66 C 1/2 K y(H + q/y>2 D (13).

0

In the concave section, instead, there are compres

sive tangential forces but the radial geogrids diverge, 

hence there are open wedges of soil in the rear part of 

the reinforced block. The area of the open slices is 

actually about 33% of the total horizontal area of the 

reinforced block, say 1/3. Therefore about 1/3 of the 

primary reinforcement is needed to absorb the thrusts 

of the soil in the open slices. The secondary reinfor

cement is then distributed with 1 layer of geogrid for 

every 3 layers of primary geogrid.

- Drainage at the face: the face of the slopes used 

unbonded concrete blocks, placed in an open pattern 

which allows the growth of vegetation; the gap between 

the slope face and the reinforced block (about 60 cm) 

was filled with vegetative soil. To avoid hydraulic 

settlement of this soil, geotextile strips were provi

ded between the concrete elements and the reinforced 

block. A geocomposite, geotextile-geonet-geotextile, 

provide the needed drainage within each cell of vegeta

tive soil limited by two successive geotextile strips.

The final design layout ¡6 provided in Fig. 9.

5 CONSTRUCTION

The construction of the reinforced slope has been 

accomplished by compacting the backfill material in 

about 20 cm thick layers on each geogrid, cut and 

placed according to the specifications of design (see 

Fig. 9). Due to the "S" shape of the wall, to the 

different surcharge conditions and the different slope 

heights, the total length of the wall has been divided 

in 6 typical sections, designed with different length 
of reinforcement, thickness of fill layers and layout 

of geogrids. It became very important to plan, organize 

and manage the machine operations as dumping, spreading 

and compacting the fill soil. The manual operations as 

cutting and placing the geogrids, followed by testing 

the compaction with a nuclear moisture-density gauge, 

were carefully sequenced, in order to optimize time, 

means and men available. To facilitate the works, the 

reinforced slope was "stepped" with small beams and 90 

cm vertical lifts: in this way the slope was sustained 

during construction with specially built steel forms, 

as shown in Fig. 10. At the end of each lift, the forms 

were pulled out with a crane and positioned on top for 

a new 90 cm lift. The soil was compacted with a heavy 

vibrating roller and a small hammer near the face. A 

typical problem was found during the spreading of back

fill: in linear and convex sections, adjacent geogrid 

layers are overlapped about 3 cm, so when the dozer 

spreads the fill soil, it runs over the grids without 

lifting the following layer; but, in the concave wall, 

the adjacent layers diverge; so, to prevent lifting,

movements and stretching of the grids, each reinforce

ment layer has been manually pulled and stapled on the 

previously compacted soil layer along each longitudinal 

edge and at the rear edge. The geogrids at the job site 

were covered with a fabric and sprayed with cold water 

to protect them from the very hot weather.

6 CONCLUSIONS

The Sidney Park Project has shown the suitability of 

geogrids for difficult problems of soil reinforcement, 

in the construction of 13 m high near vertical earth 

walls with high surcharge. Design, construction and 

drainage problems can be solved with classical and new 

geotechnical tools.
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Figure 1. Sidney Park: a) schematic plan view; 

b) cross section at waterfall structure.
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Figure 7. Scheme for the global stability analysis.

TENAX TT 4 MONO - ORIENTED GEOGRID

19

Figure 5. Sliding and Overturning.

Figure 8. Arch effect in sharp curved slope.

GEOTEXTILE CONNECTING REINFORCED 
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Figure 10. Scheme of the construction method.

Figure 2. HDPE mono-oriented 

geogrids.

//////y?//////;

Figure 3. Scheme of 

the creep test.

q1 = 9,3 KPa q2 = 70 KPa

Figure 6. Earth pressure diagram in seismic 

conditions.

Figure 9. Final design. Waterfall structure.
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Figure 4. Creep test results.

BLOCK

ae= K y H 
f---- *-

TYPICAL BLOCK
GEOGRIDS
LAYOUT

EVERY 3 PRIMARY, TO COVER 
OPEN SLICES OF SOIL

COMPACTATION

1310


