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Abstract This technical note presents a generic step-by-step design protocol based
on consideration of bearing capacity of reinforced soil foundation (RSF) on a level
ground. The technical note begins with a synopsis of notable studies on bearing
capacity of geosynthetic reinforced soil (GRS) and a brief description of an analyti-
cal model for load-carrying capacity of closely-spaced soil-geosynthetic composites.
The generic RSF design protocol was developed based on findings of the notable
studies and the analytical model. Specifically, the design protocol determines (i)
reinforcement configuration of RSF (including reinforcement depths, spacing, and
width), (ii) required reinforcement stiffness and strength for selection of reinforce-
ment in RSF, and (iii) the increase in ultimate bearing capacity of RSF if the width of
RSF is increased to fulfill design requirements A design example for RSF of a GRS
bridge abutment is also given to illustrate how the design protocol can be applied.

Keywords Reinforced soil - Bearing capacity - Geosynthetics - Foundation -
Design - Example - GRS - RSF

Introduction

Geosynthetic reinforced soil (GRS) comprises compacted fill and horizontal layers
of geosynthetic inclusion. The term geosynthetics refers to polymeric materials that
are manufactured and used to help solving civil engineering problems. Many types
of geosynthetics have been manufactured to serve various functions, of which four
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(geotextiles, geogrids, geocells, and geocomposites) are to serve the function of soil
reinforcing. For certain geotextiles and geocomposites, the reinforcing effect can
be a result of synergistic improvement of the system performance. In other words,
the function of separation, filtration, drainage, and soil grain containment of these
geosynthetic products can work synergistically in conjunction with reinforcing func-
tion to improve performance of an earth structure. The synergistic effect is often
neglected in the selection of geosynthetics for reinforcing applications. As a result,
geogrids have often been chosen because of their relatively high stiffness and strength
values which are generally considered required for reinforced soil foundation (RSF).
Geogrids, however, possess hardly any synergistic effects.

Recent studies have demonstrated that geosynthetic inclusion on close spacing
(i-e., spacing not greater than 0.2 to 0.3 m or 8 to 12 in.) would allow the fill mate-
rial and geosynthetics to behave as a composite mass and exhibit much increased
load-carrying capacity and reduced settlement [18, 27, 28]. GRS reinforced with
geosynthetic products of medium to high stiffness and strength values (such as some
woven geotextiles and a handful of heavy nonwoven geotextiles) have seen success-
ful applications in construction of earth retaining walls, steepened slopes, roadways,
bridge abutments/approach slabs, and shallow foundations Applications of GRS in
shallow foundation are not as common as in other types of earth structures. This is
mostly because design concept of reinforced soil foundation (RSF) is generally not
well perceived and there is no consensus on how RSF should be designed.

In 2011, the Federal Highway Administration (FHWA) developed a GRS inte-
grated bridge system known as GRS-IBS which employs closely-spaced geosynthetic
inclusion to support bridge loads [2, 3]. A typical cross-section of the GRS-IBS
is shown in Fig. 1. When the capability of the foundation soil to safely support a
bridge abutment is in question, the GRS-IBS manual suggests that RSF be incorpo-
rated beneath the abutment as seen in Fig. 1. The manual provides a simple guide for
construction of the RSF as follows:

— Excavate a pit that is approximately 0.25B deep (B = reinforcement length at
the base of the GRS abutment).

— Replace the soil in the pit with compacted road base material and reinforce the
material by the same reinforcement used in the GRS abutment on 0.3 m (or 12
in.) vertical spacing.

—  The width of the RSF (B’) should at least be the length of reinforcement at the
base of the abutment (i.e., B’ = B), and preferably extend to 0.25B or greater in
front of the abutment wall face.

— If the abutment is to cross a river way the RSF should be encapsulated with
geotextile.

A general guide for the RSF in GRS-IBS is given in the manual, but it does not
provide a well-established design protocol. For example, the manual simply states
that the reinforcement strength needs to be at least 850 kN/m (4,800 1b/in) for abut-
ments and 425 kN/m (2,400 1b/in) for integrated approach; reinforcement spacing
is typically 0.3 m; and depth of RSF is 0.25B, irrespective of the loading condi-
tions and foundation soil properties. Design of RSF for shallow foundation is even
less consensual than for bridge abutments. Design of RSF for shallow foundation is
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Fig. 1 Typical cross-section of GRS-IBS (modified after [2, 3])

typically performed by using software developed by geosynthetics manufacturers for
their specific products, which usually produced satisfactory designs. However, fail-
ure of RSF happened occasionally, but the causes of failure have hardly been reported
for litigation reasons.

A generic step-by-step design protocol for RSF on a level ground is presented
in this technical note. The design protocol was developed based on findings of
notable studies on RSF and an analytical model for closely-spaced soilgeosynthetic
composites. The design protocol determines (i) reinforcement configuration of RSF
(including reinforcement depths, spacing, and width), (ii) required reinforcement
stiffness and strength for selection of the reinforcement in RSF, and (iii) the increase
in ultimate bearing capacity of RSF if the width of RSF is increased to satisfy design
requirements. A design example for RSF of a GRS bridge abutment is also given to
illustrate how the design protocol can be applied.

Notable Studies on RSF

Reinforced soil foundation (RSF) has been the subject of many studies in the past
few decades (e.g., [1, 4-10, 12-14, 16, 19-21, 29]. A brief summary of four notable
studies are given below

1. Huang and Tatsuoka [9] conducted a series of reduced-scale experiments on
reinforced clean sand foundation and identified two important effects: the “deep
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footing effect” and the “secondary reinforcement length effect.” The former
states that placing geosynthetic reinforcement up to depth z below the ground
surface is equivalent to embedding a footing at depth z. The latter states that
extending the length of reinforcement (B’) in the RSF beyond the width of the
footing (B) increases the bearing capacity only moderately; e.g., the bearing
capacity for B’/ B = 2 is only about 20% higher than B’/ B = 1, and the bearing
capacity for B’/B = 3.5 is about 40% higher than that of B'/B = 1.

Yetimoglu et al. [29] conducted over 60 reduced-scale experiments on reinforced
sand foundation. They concluded that (i) for single-layer reinforcement, the opti-
mum reinforcement depth is at z = 0.3B (z = depth measured from the ground
surface; B = width of footing), and (ii) for multiple-layer reinforcement, the
optimum reinforcement depth is at z; = 0.25B (z; = depth of the top layer
reinforcement), and the effective depth of reinforcement is up to 1.5B.

Adams and Collin [1] conducted 35 field-scale experiments of reinforced soil
foundation with biaxial geogrids and geocells as reinforcement. The experiments
include single and multiple layers of reinforcement. The effects of a number of
parameters were investigated, including number of reinforcement layers, verti-
cal spacing of reinforcement, plan area of reinforcement, type of reinforcement,
and fill density. These experiments show that (i) BCR increased significantly for
z; < 0.5B, where BCR = ratio of bearing capacity of reinforced soil founda-
tion to that of unreinforced soil foundation, and z, = depth of top reinforcement
layer; (ii) BCR is about 1.5 for 1 to 2 layers of reinforcement, and about 2.5 for
3 layers of reinforcement; (iii) the maximum improvement for reduction in set-
tlement is observed for z; < 0.25B; and (iv) geogrids are more effective than
geocells for strengthening granular foundation soil.

Barreire and Wu [5] developed a unified analytical model for evaluation of load-
carrying capacity and settlement of reinforced soil foundation. The analytical
model for load-carrying capacity assumes that the deep footing effect prevails for
evaluation of the bearing capacity of RSF. The load-carrying capacity model was
based on classical bearing capacity equations, such as the Vesi¢ equation [22],
with an accuracy of £ 15% compared to measured data from field-scale exper-
iments. The model appears to be applicable to RSFs of single-layer reinforce-
ment and multiple-layer reinforcement. Further validation of the model is still
needed.

An Analytical Model for Load-Carrying Capacity of Soil-Geosynthetic
Composites

Pham [18] and Wu et al. [26] developed an analytical model for soil-geosynthetic
composites where the reinforcement spacing (s,) is not more than 0.2 to 0.3 m. The
ultimate load-carrying capacity (q,j;) in the analytical model has been expressed by
an equation, referred to as the “Wu-Pham equation”. The Wu-Pham equation involves
a semi-empirical factor, known as the “W-factor” which characterizes the relative
influences of reinforcement spacing and reinforcement strength on the ultimate load-
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carrying capacity. The g, as effected by reinforcement spacing, reinforcement
strength, soil strength parameters, and soil particle size, can be expressed as:

T, . T,
quir = |:O-C + W ( ;llf>i| Kp — |:GC + 0'7<6dmax> ( ;llt>i| Kp (1)
v v

o, lateral confining pressure;
W a factor to account for soil-geosynthetic interaction;
sy  selected vertical reinforcement spacing (s, < 0.2 to 0.3 m);
dmax maximum grain size of the soil in the soil-geosynthetic composite;
T, ultimate tensile strength of the reinforcement; and
K, coefficient of Rankine passive earth pressure, K, = tan? (45° 4+ ¢/2)

where

Details of the Wu-Pham equation (Eq. 1) have been described in a technical report
published by the Federal Highway Administration [28]. The equation has been val-
idated by 16 field-scale experiments where the GRS mass was loaded to failure [3].
In the 16 experiments, the soil ranged from poorly graded sand to crushed gravel,
the geosynthetic reinforcement varied from light-weight nonwoven to heavy-weight
woven geotextiles, and the reinforcement spacing varied from 0.15 to 0.3 m. The Wu-
Pham equation was shown to be capable of predicting the load-carrying capacity of
soil-geosynthetic composites with good accuracy It should be noted that the W-factor
can be used to determine an apparent cohesion and an apparent increase in confin-
ing pressure resulting from the presence of geosynthetic inclusion. These “apparent”
strength parameters are useful when using a conventional stability analysis approach
to evaluate stability of a reinforced soil structure [27].

A Generic Design Protocol for RSF

The generic design protocol for RSF on a level ground is presented below. The design
protocol is based on findings of the afore-mentioned four studies, the analytical
model described earlier on behavior of closely spaced soil-geosynthetic composites,
and the author’s experience with GRS and RSF.

Step 1:  Check if RSF is needed
Use Terzaghi’s bearing capacity equation [23] to calculate the ultimate
bearing capacity of a footing without reinforcement, quis (unimproved):

Quitunimproved) = 0.5Y1B Ny, +y2 DyNy + ¢ N 2)
in which,

y1 ‘“‘operational” unit weight of the foundation soil beneath
the footing (Y1 = Vsubmerged, if the free water level is
above the base of footing; y1 = yimoiss, if the free water
level is deeper than about 2B below the base of footing;
and y1 = Yyeighted, if the free water level is between 0
and 2B below the base of footing);
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weighted soil unit weight depending on the portion of the
soil failure wedge that is submerged;

“operational” unit weight of the soil surrounding the
embedded area;

the width of the loaded area (e.g., B = length of rein-
forcement at the base of a GRS abutment wall, length of
bridge approach slab in the direction of traffic, or length
of building in the direction of reinforcement);

the embedment depth of the footing measured from the
ground surface (note, for unimproved ground, Dy = 0);
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bearing capacity factors and are a function of friction
angle (¢ r) of the foundation soil, as given in Fig. 2. For
a purely cohesive foundation (¢ =0), N, =0, N, =1,
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Since the bearing capacity factors depend strongly on the friction angle
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Fig. 2 Bearing capacity factors N,,, N;, and N as a function of soil friction angle (modified after [17])
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Step 2:

and lower bounds of ¢,;; for design decisions. This is especially needed if
the friction angle is obtained from a correlation with standard penetration
test (SPT) blow count N (e.g., a correlation given by [15]). For structures
approaching a plane strain condition (e.g., footing of basement walls), the
friction angle should be corrected. A commonly used correction is to mul-
tiply the friction angle corresponding to the triaxial testing condition by
a factor of 1.1. For loose to medium sands, the friction angle correction
is not needed because the friction angles obtained from triaxial tests and
from plane strain tests are about the same. Lade and Lee [11] suggested no
correction for soils with ¢ < 34°.

To achieve a certain degree of safety margin in design, allowable bearing
pressure gi10w Should be employed (in place of g,;) in design. Allowable
bearing pressure can be obtained by applying a safety factor (Fy) to g, i.e.,

Qallow = M (3)
Fi
A safety factor of 3.0 is recommended for an “isolated” loaded area, e.g.,
RSF of isolated buildings. For RSF of a reinforced soil wall since one side
of reinforced zone is supported by the adjacent soil behind the reinforced
zone, a smaller safety factor of 2.5 is recommended.

In design, the applied load on the ground surface (g4ppiieq) due to all forms
of dead loads and live loads over the ground surface should then be determined.
If gai10w determined from Eq. 3 is found larger than gqppiied, a RSF is not
needed unless settlement is determined to be larger than desirable (note that
the design protocol presented here addresses only bearing capacity).
Determine the depth of RSF, D

Based on the concept of deep footing effect described earlier in the
Section “Notable Studies on RSF” the smallest depth of RSF can be deter-
mined by requiring the ultimate bearing capacity (as determined by the
Terzaghi’s equation, Eq. 1) divided by the applied pressure (gappiiea) be no
less than a prescribed safety factor (Fy). That is, the minimum depth of the
RSF (D) can be determined as:

D, > Qapplied Fs — 0.5y BN, —c N,
= v N,

“)

where B is the width of the loaded area (B = B’, B’ is the width of the
RSF). Other parameters in Eq. 4 are as defined previously for Eq. 2.

If the D value determined by Eq. 4 is found smaller than or equal to the
width of the loaded area (B), the value of D is then the depth of RSF, and
the design should proceed to Step 3. Otherwise, the design should skip Step
3 and proceed to Step 4 to examine if gazjow > Gappliea can be achieved by
increasing the width of the RSF from B to B’ (note, the reinforcement in
RSF is generally made constant at all depths).

It is important to note that Eq. 2 is applicable only to a level ground.
When applying (2) to a bridge abutment crossing a river way, the design
protocol would overestimate the load-carrying capacity; hence, the design
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will be on the unsafe side. Further study to extend the design protocol to
RSF for bridge abutments crossing a river way is needed. Until then, RSF
of bridge abutments crossing a river way may be designed by using the
protocol described in this technical note by adopting a larger safety factor
in Eq. 3, and/or by measuring the depth D s (determined from Eq. 4) from
the riverbed (as opposed to measuring from the ground surface).

Step 3:  Select a trial value of reinforcement spacing and determine the configura-
tion of RSF

The configuration of RSF is to be determined as follows: Select a trial
value of reinforcement spacing (s,) for the RSF (s, = 0.2 to 0.3 m is
recommended). Preferably, a number of s, values between 0.2 and 0.3 m
should be checked to obtain a better design based on consideration of safety
margin and costs. Note that reinforcement of higher stiffness and higher
strength will be required for s, = 0.3 m than for s, = 0.2 m. A uniform
reinforcement length should be used within RSF. The depth of the top layer
of reinforcement, z; , should generally be the smaller of 0.2 m and 0.25B
below the ground surface. However, if only one layer of reinforcement is
needed, z; = 0.3 m or 0.25B (whichever is smaller) is recommended. The
depth of the bottom layer reinforcement should generally be the D s value
determined in Step 2.

Step 4: Determine the adjusted ultimate bearing capacity of RSF with enlarged
width, and check if the gaiiow < qappiieq Tequirement can be met by increas-
ing the width of RSF from B to B’ [skip this step if the bearing capacity of
RSF with B’ = B is found satisfactory]

The bearing capacity of a RSF can be increased moderately by increasing
the length of reinforcement in the RSF. By increasing the width of the RSF
(i.e., the reinforcement length in RSF) from B to 2B and to 3.5B, the bear-
ing capacity would increase by approximately 20 and 40%, respectively.
The influence of B’/B on the ultimate bearing capacity can be estimated
by Fig. 3, which is derived from the findings of Huang and Tatsuoka [9].

1.5

1.4 4
= 13
L Gt Qe -5) = (B'/B) 2
S 12 A
=
S

1.0 T T T T

1.0 1.5 2.0 2.5 3.0 3.5
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Fig. 3 Influence of B’/B on the ultimate bearing capacity (B = width of loaded area, and B’ = width of
RSF)
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Step 5:

If the Dy value determined by Eq. 4 is larger than the width of the
loaded area (B), the width of RSF may be increased to check if gquii0u
> qapplied can be achieved by increasing the width of the RSF from B to
B’, while maintaining D as the depth of the RSF (primarily because the
Terzaghi’s bearing capacity equation, Eq. 1, is valid for D < B). The fol-
lowing steps should be taken: (i) set Dy = B and calculate a corresponding
quir by Eq. 2 and an updated g1, by Eq. 3; (ii) increase the width of
RSF to B’(B’ needs to be a site-specific practical value) and determine the
improved q,;(p’'>p) and the corresponding q,jou (p'> p) from Fig. 3; (iii)
check if Guiiow (B’ > B) = qapplied (B’ > By can be satisfied by increasing B
to B’/ (qappliea 1s the value determined as part of Step 1). If the answer is
positive, B’ becomes the new width of the RSF, the design should return to
Step 3, then revert to Step 5. If otherwise, the idea of RSF (alone) should
be abandoned, and an alternative ground improvement technique, such as
preloading, deep foundation, micro-pile, stone column, and grouting, may
be considered.

Determine required minimum tensile stiffness and tensile strength of the
reinforcement in RSF, and select a geosynthetic product

The required minimum tensile strength of the reinforcement (7,;;) is
determined as:

T > [qun(RSF) } (s,,)/[07 e } )

where g,:(rsF) is the ultimate load-carrying capacity of RSF as determined
by Eq. 2 using the Dy value determined in Step 2 for B" = B or the g,
determined in Step 4 for B’ > B. All parameters are as defined previously
in Eq. 1.

To ensure the RSF will possess adequate ductility, the tensile strain of the
reinforcement corresponding to 7;,;; needs to be 5 to 7% or greater depend-
ing on the degree of conservatism desired. Note that the strain level of 5
to 7% was deduced from limited experience. As a greater data base for the
design protocol becomes available, the strain level may be revised.

The required minimum value of tensile stiffness at strain = 2% of
the geosynthetic reinforcement in the direction perpendicular to wall face,
T@ ¢ —2%, can be determined by the following equation [28]:

Tult

Fai
in which, Fy; is a ductility and long-term factor employed to ensure ade-
quate ductility and satisfactory long-term performance. The values below

for Fy are recommended for design of RSF with geosynthetic inclusion;
they are based on the author’s own experiences:

Q)

Tec=29% >

(a) Plasticity index (PI) of fill material passing No. 40 sieve is 3 or less,
F4; = 3.5 for all geosynthetics

(b) Plasticity index (PI) of fill material passing No. 40 sieve is between 4
and 6,
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Fg; = 5.5 for polypropylene geosynthetics
F4 = 5.0 for polyethylene geosynthetics
F4; = 4.0 for polyester geosynthetics

Note that the use of RSF for improving bearing capacity is effective if the
foundation soil is granular (especially in a dense condition), but is ineffec-
tive if the foundation soil is purely cohesive. This can be seen by examining
the Terzaghi’s bearing capacity equation (Eq. 2). The bearing capacity of
RSF can be increased by increasing embedment depth D ¢. The effective-
ness of increasing D¢ on bearing capacity is associated with the value of
Ny, which varies from 17 to 60 for friction angle varying from 30° to 40°.
For purely cohesive soil foundation, however, N, = 1. In other words the
effect of embedment depth (reflected by y x D) is “amplified” 17- to 60-
folds for a granular foundation soil, whereas there is zero amplification for
a purely cohesive foundation soil.

Design Example

A design example is given below to illustrate how the design protocol can be used to
design RSF to support a GRS bridge abutment constructed over a weak ground.

Given Conditions As depicted in Fig. 4, a GRS bridge abutment of 5.2 m (17 ft) in
height and 7.3 m (24 ft) in width is to be constructed over a relative flat ground. The
abutment is to support an arch steel bridge with DL + LL = 250 kPa. The foundation
soil is a mixture of sand and gravel (PI = 0) in a medium loose state and the ground
is deemed unacceptable to marginally acceptable for supporting the abutment loads.
The ground has a unit weight of 19.0 kN/m? (120 Ib/ft®) with a maximum grain size
of 0.025 m (1.0 in.), and the STP blow count “N-value” is approximately constant at
N = 6 from the ground surface down to about 18 m (or 60 ft) deep. The free water
level is stable and approximately 15 m (50 ft) below the ground surface.

Design

Step 1:  Check if RSF is needed

Without RSF, the embedment depth, Dy = 0. Assuming reinforcement
length at the base of the GRS abutment B = (0.7 x (wall height) = 0.7 x
(5.2) = 3.6 (m). For SPT blow count N = 6 and length/width of loaded
area = 7.3m/3.6m = 2, the angle of the foundation soil ¢ is taken as
28° hence N, ~ 15, and N,;~ 15 Note that a range of ¢ of &= 1° should
generally be used to establish the likely upper and lower bounds of gy,
for making design decisions. In this case, however, the blow count N is
quite low and the ¢ value obtained from N is rather “rough”; therefore, the
=+ 1° rule is not exercised. F; =2.5 will be used because one side of the
abutment is partially supported by frictional resistance with the soil behind
the reinforced zone of the abutment.
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Fig. 4 Design example for RSF to support a GRS bridge abutment

The ultimate bearing capacity of the unimproved ground, Gy unimproved)
is
Qult (unimproved) = 05w B Ny + Df Nq + ¢ N,

= 0.5 (19.0) 3.6) (15)+040
= 510 (kPa)

The allowable bearing capacity, qaiiow (unimproved), 1

Qallow (unimproved) = {qult (unimproved)/Fx = 510/25 = 200 (kPa)
The applied load on the ground surface, gappiied, is

Gappliea = yH + (DL + LL) = (19)(5.2) + 250 = 350 (kPa)

applied = Yallow (unimproved) = 200 (kPa) (NG)

Consider adopting RSF to increase allowable bearing capacity Note that this
agrees with a general rule-of-thumb (source unknown) “A footing cannot
rest directly on foundation soil of N < 8.” Also, note that the largest bearing
pressures that can be applied to GRS abutments under different conditions
have been reported by Wu et al. [24, 25].
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Step 2:

Step 3:

Step 4:

Step 5:

@ Springer

Determine the depth of RSF, D
From Step 1, gapprica = 350 kPa, Fy = 2.5, y = 19.0 kN/m?, ¢ = 0,
Ny =15,N, =15,and 0.5 y; B N, = 510 (kPa). From Eq. 4,

QappliedFs - 0~5yBNy —¢N _ (350) (2.5) —510—-0
¥ N, B (19.0) (15)

Dy > = 1.3 (m)

Dy > 1.3muse Dy = 1.4m; therefore,

QuirrsF) = 310+ (19.0) (1.4) (15) = 910(kPa) > quppiica (Fy)
= 350(2.5) = 880 (kPa) (OK)
Df=14m < B =3.6m(0K)

Select a trial value of reinforcement spacing and determine the configura-
tion of RSF

Because bridge abutment is considered a more critical structure, s, =
0.2 m is selected for the entire RSF.

The depth of top layer reinforcement is at 0.2 m below the ground sur-
face, and the bottom layer reinforcement is at 1.4 m below the ground
surface. Reinforcement layers are to be placed between the top and bottom
layers on 0.2 m spacing.

Determine the adjusted ultimate bearing capacity of RSF with enlarged
width, and check if the guow =< qappiieca T€quirement can be met by
increasing the width of RSF from B to B’.

Skip this step because B’ = B is shown able to produce a satisfactory
design (satisfying the requirement of gujow < Gapplieq and also Dy < B).
In this case, the width of the RSF (B’) may be increased 0.2 m in front of
the bridge abutment for added safety, as seen in Fig. 4.

Determine required minimum tensile stiffness and tensile strength of the
reinforcement in RSF, and select a geosynthetic product.

The required minimum ultimate tensile strength of the reinforcement,
T, can be determined by Eq. 5, with g,;(rsFy = 910 (kPa) (as deter-
mined in Step 2); oc(@mid—heighty = Kay z = (0.24)(19.0) (1.4/2) =
3.2 (kPa); sy, = 0.2 m; dipax = 0.025 m; K = tan(45° + 38°/2) =4.20
(note: the friction angle of a road base compacted to 95% of T99 is taken

as 38°);1i.e.,
|:Qult(RSF) }(&;)/[07 s ]

- 6()025 —
[420 32] (02)/[07 092%) ]_ 69 (kN /m)

The tensile strain corresponding to 7;,;; (69 kN/m) needs to be at least 5 to
7% or greater depending on the degree of conservatism desired.

Tuir
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The minimum values of tensile stiffness of the geosynthetic product at
2% tensile strain, Te ¢ =29 can be determined by Eq. 6, with F;; = 3.5 (for
PI=0),

Tuit 69

Toe—rg > M — 22 — 20 (kN
@e=2% Z T 35 (kN/m)

Design Summary of RSF

(i) Geometry: width of RSF (B’) = 3.8 m, depth of RSF (Dy) = 1.4 m

(ii)) Reinforcement: multiple-layer reinforcement; depth of the top reinforcement layer
below the ground surface (z;) = 0.2 m; depth of the bottom reinforcement layer
(zp) = 1.4 m; uniform reinforcement spacing (s,) = 0.2 m; reinforcement length
(B’) = 3.8 m (ie., 0.2 m wider than B in front of abutment face, see Fig. 4);
tensile stiffness @ (¢ = 2%) > 20 kN/m; tensile strength@ (¢ > 5% to 7%) >
69 kN/m (a medium to heavy-weight woven polypropylene geotextile will
meet these criteria)

(iii) Fill: a free-draining road base, compacted to 95% of Standard Proctor
(AASHTO T99) maximum dry unit weight, with ¢ > 38° per direct shear tests
or drained triaxial tests

Concluding Remarks

Reinforced soil foundation (RSF) is formed by incorporating horizontal layers of
planar geosynthetic products (e.g., geotextiles, geogrids, or geocomposites) in com-
pacted fill material. RSF is typically installed in the foundation soil to support applied
loads. RSF has been found to increase the bearing capacity of the soil foundation by
50 to 200% and decrease the settlement by 20 to 60%. In terms of bearing capacity,
the deep footing effect first identified by Huang and Tatsuoka [9] and confirmed by
others is used as the fundamental for design of RSF Much like embedding footing,
RSF is known to be effective when installed in a granular foundation soil (especially
a dense granular soil) but ineffective in purely cohesive soil foundation.

This technical note presents a generic design protocol for RSF in a level ground.
The RSF design protocol was developed based on findings of four notable studies
and an analytical model that describes the load-carrying capacity of soil-geosynthetic
composites with closely spaced reinforcement. Specifically, the design protocol
determines (i) reinforcement configuration of RSF (including reinforcement depths,
spacing, and width), (ii) required reinforcement stiffness and strength for selection of
the reinforcement in RSF, and (iii) the improved ultimate bearing capacity of RSF.

It is important to note that the design protocol presented in this technical note
considers only bearing capacity. In situations where settlement of RSF is judged to
play a compelling role, settlement of RSF must also be included as part of the design.
In these situations, the design obtained from the design protocol should be considered
only as a preliminary design.

@ Springer



316 Transp. Infrastruct. Geotech. (2018) 5:303-317

References

1. Adams, M.T., Collin, J.G.: Large model spread footing tests on geosynthetic reinforced soil founda-
tions. J. Geotech. Geoenviron. Eng. ASCE 123(1), 66-72 (1997)

2. Adams, M.T., Nicks, J., Stabile, T., Wu, J.T.H., Schlatter, W., Hartmann, J.: Geosynthetic Rein-
forced Soil Integrated Bridge System Interim Implementation Guide. Report No. FHWA-HRT-11-026.
Federal Highway Administration, McLean, VA (2011)

3. Adams, M.T., Nicks, J., Stabile, T., Wu, J.T.H., Schlatter, W., Hartmann, J.: Geosynthetic Reinforced
Soil Integrated Bridge System Synthesis Report. Report No. FHWA-HRT-11-027. Federal Highway
Administration, McLean, VA (2011)

4. Akinbolade, J.A., Akinmusuru, J.O.: Stability of loaded footings on reinforced soil. J. Geotech. Eng.
Div. ASCE 107(6), 819-827 (1981)

5. Barreire, W.J., Wu, J.T.H.: Guidelines for Design and Construction of Reinforced Soil Foundations,
Research Report, Reinforced Soil Research Center, University of Colorado at Denver, 109 pp (2001)

6. Binquet, J., Lee, K.L.: Bearing capacity tests on reinforced earth slabs. Geotech. Eng. Div. ASCE
101(GT12), 1241-1255 (1975)

7. Guido, V.A., Chang, D.K., Sweeny, M.A.: Comparison of geogrid and geotextile reinforced Earth
slabs. Can. Geotech. J. 23, 435-440 (1986)

8. Hammond, M.E.: Reinforcement of Shallow Granular Layers Overlying Bases of Different Com-
pressibility. Research Report. Queen’s University, Kingston, Canada (1977)

9. Huang, C.C., Tatsuoka, F.: Bearing capacity of reinforced horizontal sand ground. Geotext.
Geomembr. 9, 51-82 (1990)

10. Hataf, N., Boushehrian, A.H., Ghahramani, A.: Experimental and numerical behavior of shallow foun-
dations on sand reinforced with geogrid and grid anchor under cyclic loading. Civil Engineering,
Sharif University of Technology 17(1), 1-10 (2010)

11. Lade, P.V,, Lee, K.L.: Engineering Properties of Soils, Report No. UCLA-ENG-7652, Mechanics and
Structures Department, UCLA, 145 p (1976)

12. Latha, M.G., Murthy, V.S.: Investigations on sand reinforced with different geosynthetics. Geotech.
Testing J.ASTM 29(6), 133-150 (2006). https://doi.org/10.1520/GTJ100439

13. Latha, M.G., Somwanshi: Bearing capacity of square footings on geosynthetic reinforced sand.
Geotext. Geomembr. 27(4), 281-294 (2009)

14. Mansour, M., Nader, H., Arsalan, G.: Experimental study of bearing capacity of granular soils
reinforced with innovative grid-anchor system. Geotech. Geol. Eng. 26(3), 299-312 (2008).
https://doi.org/10.1007/s10706-007-9166-z

15. NAVFAC: Design Manual 7.02 Foundations and Earth Structures, Bureau of Yards and Docks, U. S.
Navy (1986)

16. Omar, M.T., Das, B.M., Puri, VK., Yen, S.C.: Ultimate bearing capacity of shallow foundations on
sand with geogrid reinforcement. Can. Geotech. J. 30, 545-549 (1993)

17. Perloff, W.H., Baron, W.: Soil mechanics — principles and applications. Wiley, 745 p (1976)

18. Pham, T.Q.: Investigating composite behavior of geosynthetic reinforced soil (GRS) mass. Ph.D.
dissertation, Univ. of Colorado Denver (2009)

19. Shahin, M.H., Nakai, T., Morikawa, Y., Masuda, S., Mio, S.: Effective Use of Geosynthetics to
Increase the Bearing Capacity of Shallow Foundations. Can. Geotech. J. 54(12), 1647-1658 (2017)

20. Sreedhar, M.V.S., Goud, A.P.K.: Behavior of Geosynthetic Reinforced Sand Bed under Cyclic Load.
Proceedings, Indian Geotechnical Conference, Paper No. J-049, December 2011, Kochi, pp. 519-522
(2011)

21. Tavangar, Y., Shooshpasha, I.: Experimental and numerical study of bearing capacity and effect of
specimen size on uniform sand with medium density, reinforced with nonwoven geotextile. Arabian
Journal for Science and Engineering. https://doi.org/10.1007/s13369-016-2101-y (2016)

22. Vesi¢, A.S.: Analysis of ultimate loads of shallow foundations. J. Soil Mech. Found. Div. 99(SM1),
45-73 (1973)

23. Terzaghi, K., Peck, R.B.: Soil Mechanics in Engineering Practice, 2nd edn. Wiley, New York (1967).
729 p

24. Wu, J.T.H., Lee, K.Z.Z., Helwany, S.B., Ketchart, K.: Design and construction guidelines for GRS
bridge abutment with a flexible facing. Report 556. National Cooperative Highway Research Program
(NCHRP), Washington, D.C. (2006)

@ Springer


https://doi.org/10.1520/GTJ100439
https://doi.org/10.1007/s10706-007-9166-z
https://doi.org/10.1007/s13369-016-2101-y

Transp. Infrastruct. Geotech. (2018) 5:303-317 317

25. Wu, J.T.H., Lee, K., Pham, T.Q.: Allowable bearing pressure of bridge sills on GRS abutments with
flexible facing. J. Geotech. Geoenviron. Eng. Am. Soc. Civil Eng. 132(7), 830-841 (2006)

26. Wu, J.T.H., Ma, C., Pham, Q., Adams, M.T.: Required minimum reinforcement stiffness and strength
in a geosynthetic-reinforced soil (GRS) wall. Int. J. Geotech. Eng. 5(4), 403-412 (2011)

27. Wu, J.T.H., Pham, T.Q.: Load carrying capacity and required reinforcement strength of closely spaced
soil-geosynthetic composites. J. Geotech. Geoenviron. Eng. ASCE 139(9), 1468-1476 (2013)

28. Wu, J.T.H., Pham, T.Q., Adams, M.T.: Composite behavior of geosynthetic reinforced soil mass.
Report No. FHWA-HRT-10-077, Turner-Fairbank Highway Research Center, FHWA, McLean, VA,
211 p (2013)

29. Yetimoglu, T., Wu, J.T.H., Saglamer, A.: Bearing capacity of rectangular footings on geogrid-
reinforced sand. J. Geotech. Eng. ASCE 120(12), 2083-2099 (1994)

@ Springer



	A Generic Design Protocol for Geosynthetic Reinforced Soil Foundation
	Abstract
	Introduction
	Notable Studies on RSF
	An Analytical Model for Load-Carrying Capacity of Soil-Geosynthetic Composites
	A Generic Design Protocol for RSF
	Design Example
	Given Conditions
	Design


	Design Summary of RSF
	Concluding Remarks
	References




