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pact ion of untreated aggregate sur faces during con
struction. We conf i dently reply that it is well 
worth the cost because compaction preserves the dis
tribution of fines, prevents segregation, and im
proves the structural support of the layer--all 
arguments firmly based on bituminous pavement ex
periences. 

Yet, most aggregate surfaces will fluff or loosen 
with frost cycles or wet seasons, then settle down 
again under traffic: this behavior continues 
throughout the life of the surface. I believe that 
compaction is beneficial but find it hard to con
vince skeptics in the absence of positive data. In
deed, many low-volume logging roads are built with 
only traffic compaction of the s ·urfac ing aggr egate 
and seem to pe r£orm as well as o ther s built with 
controlled compaction. If the pee formance of un
treated aggregate surfaces built with and without 
controlled compaction could be compared with type 
and volume of t r a f fic, the resulting data would be 
very useful to engineers and managers. 

OONCLUS ION 

The foregoing shows that the properties of aggre
gates f o r untreated road surfac es are comp l ex. 
Specifica tions must be i nfl uenced no t onl y by the 
characte ristic s o f t he rock bu t a l so by the clima te, 
the pu rpos e o f the road , and natur e and volume of 
traffic . Many complex i n teractions oc c ur t ha t ace 
no t predictable on the basis of laboratory tes t p r o
c e dures . Eve n the c haracte ris t ics defined by te.s t s 
a r e not i ndepende nt of each other . Ye t, t he re is a 
strong tendency for e ng i neers who ate not well 
trai ned i n mater ials to look at each p rope rty i n a 
list of specifications as an ab.stract val ue a nd di s
ca rd or modify those t hat do no t s e em s atisf actory 
wi t hout cons i de rat i on o f t he e f fects of t hat proper
ty on t he ove t:" all behav i o r o f t he agg regate . Th is 
d iscussion prese nts no firm recomme ndations f o r · nu
mer i c v a lues because I do not have access to re
search facilities and personnel. The values cited 
are based o n o b ser va t ion and expe r ience in a par
ticular environment. The objective o f this discus
s ion has bee n t o call attention to some of t he 
conside rations i nvolved and t o s timula te some sys 
tematic i nvestigations directed s pec ifically a t un
t reated aggregate r oad surfaces. 
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Safety , maintenance cost , user cost, economy , and 
riding quality all are affec t ed by t he aggregate 
used. Current resear c h, particulatly the huge 
Brazil project (], pp. 304-340) , i s showi ng that 
fuel consumption a nd user costs i n general are more 
strongly related to r oad surface conditions , es
pecially smoothness , than has been recogniied up t o 
t h is time even with untreated surfac es . Long ex
perience has prove n t hat small i nvestments i n i n
vestigation, design, a nd quality ass urance pay big 
dividends. However, many road-building agenc ies are 
caught in a personnel a nd budge t squeeze that makes 
such work difficult or i mposs i ble . With r enewe d 
interest in low- volume roads , rapidly inflating 
costs, decreasing ava ilabil i t y o f quality aggre
gates, a nd tigh t e nvironmental controls, it is no 
longer reasonable to ignore the design factors in
volved in untreated aggregate surfaces. We must 
unders tand the proper t ies of aggregates and derive 
highly efficient s pec ifications for even very low 
standar d roads . 
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Fabric-Reinforced Aggregate Roads-Overview 

QUENTIN L. ROBNETT AND JAMES S. LAI 

The purpose of this paper is to present an overview of the use of fabrics in 
oggregatc·surfocad roads. Spocific areas 11ddressed in the paper aro (a) general 
porformancc alrnracteris1ics· of aggregato·fabric-soil (A FS) systems, (b) mech· 
anisms that contribute to tho fobrlc·relatod benefits, le! varlol1 s fnctou that 
exert a major influence on th e performonce of AFS systems, and (d) methods 
of analyzing and designing AFS systems. Data and informati on sources used 
in the discussion include pertinent literature and results f rom a study being 
conducted in the School of Civil Engineering at the Georgia Institute of 
Technology. 8 a1ed on the tliscuuion prese nted in this pape r, use of an In· 
torlayer of fabric in an uggrcgate-surfacod road can load to either ho tter per· 
formanco or to substantial rcduotions In aggregate toyer thickness. It is also 
shown that the bohovior of AFS is complex and difficult to analyze with 
1hoorct.ical models. Although numerous thickness design methods nto avail· 
obl o, mon or-0 for specific commercial fa brics end aro empirical in nature. 
No general design procedure is nveilablo that can nc~ommodnte " vario1y of 
fabri cs of widely d iffering propcrdes end , thus, it is difficult for potential 

fabric users to make economic decisions in selecting fabrics and design thick· 
nesses for various job requirements. 

Synthetic enqineerinq fabrics or qeotextiles have 
become i ncieasinql y impor tan t in c i v il enqi neer i ng 
a ppl ica tions in recent year s . The main a Ppl i cations 
inc l ude dra.i naqe , e ros i on control , separation , and 
reinforcement. Fabr ics t ha t per toim t hese func tions 
are termed geotextiles and are defined by the Ameri
can Society for Test ing and Ma t e r ials (ASTMl as any 
per meable textile used with geotechnical materials 
as an integral part of a man-made project, struc
ture, or system. 

In railroad and highway support systems, fabrics 
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are used to provide separation between subgrade soil 
and ballast, subballast, base, or subbase layers and 
to provide tensile reinforcement to the system. The 
pumping action of traffic loading combined with high 
levels of saturation would allow an intermixing of 
these dissimilar materials were it not for the 
interlayer or fabric. The fabric provides a rein
forcement to the support system by giving tensile 
resistance and confinement to granular materials. In 
addition, when large deformations occur, a mem
brane effect will provide improved load support 
capabilities. 

Fabrics are also being used as an interlayer 
between cracked, deteriorated pavement surfaces and 
new asphaltic concrete overlays in order to reduce 
the rate of reflective crack occurrence. 

One of the most common uses of geotextiles is in 
road construction and area stabilization, where 
soft, low-strength soil conditions prevail. In this 
application the geotextile is generally used in 
conjunction with a locally available aggregate such 
as crushed stone, shotrock, gravel, or sea shells to 
develop a structural support layer. For example, 
roads surfaced only with aggregate are continually 
being built to provide access to and around con
struction sites, logging operations, m1n1ng and 
quarrying operations, and as planned stage construc
tion for higher-type roads. Experience with these 
types of support systems has shown that geotextiles 
can be cost effective and may allow substantial 
reductions in the quantity and possibly even the 
quality of aggregate used. 

The purpose of this paper is to provide an over
view of the use of fabrics in aggregate-surfaced 
roads. Specific areas to be addressed are (al 
general performance characteristics of aggregate
fabric-soil (AFSl systems, (bl general mechanisms 
that contribute to the fabric-related benefits, (cl 
various factors that exert a major influence on the 
performance of AFS systems, and (dl methods of 
analyzing and designing AFS systems. 

GEOTEXTILES 

A large selection of fabric products is available 
commercially. These synthetic fabrics are commonly 
categorized based on construction and fiber compo
sition. Basically, the two categories of construc
tion are woven and nonwoven: however, the fiber 
composition may be polypropylene, polyester, nylon, 
or polyethylene. Polypropylene and polyester are 
the most common. 

Cricital and optimum properties and characteris
tics of fabric for use in roadways have not been 
firmly established. Bell and others (ll suggest 
that tensile strength, modulus, frictio;-adhesion, 
creep, bond strength, fatigue, failure elongation, 
and burst strength are important mechanical prop
erties. Lavin and others (2), Robnett and others 
(_ll , and Lai and Robnett (_!l- have shown the impor
tance of fabric modulus on the performance of AFS 
systems. Giraud and Noiray !il in their design 
method show an effect of both modulus and percentage 
elongation at failure; Bell and others Ill also 
suggest that chemical stability, durability, hydrau
lic conductivity, and constructability considera
tions are important. Space limitations do not allow 
extensive discussion of fabrics but Bell and others, 
Koernes and Welsh, and Rankilor (1,6, 7) are excel
lent sources of information relati~ to fabric 
composition and manufacturing processes, fabric 
properties, test methods, and end-use requirements. 

BENEFIT MECHANISMS 

Fabrics are used in road construction with a locally 
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Figure 1. Schematic of aggregate·fabric·soil subgrade system. 

[] 00 
; •, w : '. l'!f 

/ \ AGGREGATE/ \ l 
/ \ , \ .J! 

IHflii \ l• I .. 

SUBGRADE FABRIC 

a) INITIAL STATE AFTER CONSTRUCTION 

b) STATE AFTER SUBSTANTIAL HEAVY TRAFFIC 

available aggregate such as crushed stone, quarry or 
shotrock, sand, gravel, or sea shells to develop a 
structural layer. Figure la depicts the general 
geometry of such a system. In this application, the 
fabric Provides reinforcement and separation bene
fits to the system 'l·i·~l. 

Reinforcement Function 

In the reinforcement function, it is postulated that 
the fabric serves to improve the performance (often 
measured by resistance to permanent deformation or 
rutting) of the AFS system under repetitive vehicu
lar loading due to a number of mechanisms including 
(a) restraint effect of the fabric on the aggregate 
and subgrade layer, (bl membrane effect, (c) fric
tion developed at the fabric interfaces that creates 
a boundary layer effect, and (dl local reinforcement 
effect. 

Restraint Effect 

Two types of restraint effects should occur in the 
AFS systems. The first is related to the reverse 
curvature of the fabric outside the wheel path and 
the resultant downward pressure or apparent sur
charge applied to the soil (Figure lbl. Such an 
effect increases the bearing capacity or resistance 
to shear flow of the soil from the wheel path. A 
second type of restraint effect occurs when the 
aggregate particles at the soil-aggregate interface 
tend to move from under the loaded area but are 
restrained or given a tensile reinforcement due to 
the presence of the fabric !,~l. The strength and 
modulus of aggregate material are beneficially 
affected by this increased confinement. The in
creased aggregate modulus decreases the compressive 
stress on the soil under the wheel load. 

Membrane Effect 

As the roadway undergoes large deformation (Figure 
lb), the fabric is stretched and develops in-plane 
tensile stress, the magnitude of which depends on 
fabric strain and fabric modulus. A stress perpen
dicular to the plane of the fabric will be induced, 
the magnitude of which at any point equals the 
in-plane stress divided by the radius of curvature 
of the fabric at that point. The net effect is a 
change in the magnitude of stress imposed on the 
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Figure 2. Schematic diagram of 8-ft pit test apparatus. 

Table 1. Stresses measured by pressure cells in 8-ft pit tests. 

Stress Normal to Pressure 
Cell (psi) 

Depth from Offset from 
Pressure Surface Qof Load With Typar Without 
Cell No. (in) (in) 3401 Fabric 

9 16 0 12.0 15.5 
3 20 0 11.0 15 .5 
4 30 0 
7 42 0 5.5 6 .5 
8 20 6 8.2 13.0 
6 20 12 7.0 7.5 
5 20 18 1.6 0.8 
2• 16 18 3.4 5.0 
la 32 30 3.4 3.4 

8 Radial s tress ; all o ther stresses are vertical. 

subqrade (a reduction under the wheel loac1 and an 
increase outside of the wheel path). Kinney (9) 
calculated a reduction of 18 and 37 percent for the 
effective load transmitted to the subqrade for two 
fabrics tested. 

Lai and Robnett ( 4) report a change in measured 
compressive stresses (measured with special pressure 
cells by using diaphram wire resistance strain gage) 
under simulated repetitive wheel loading when fabric 
is included in the aggreqate-soil system. Figure 2 
shows the test equipment; the cell positions and 
outputs of the sensitive pressure cells are summa
rized in Table 1. Pressure cell readings were 
obtained for surface rutting of about 3-4 in under 
repetitive loadinq. Results from pressure cells 9, 
3, 7, and 8 show a reduction in the vertical com
pressive stress directly under the loaded area for 
the system that contains a fabric compared with an 
agqregate-soil (AS) system without a fabric. An 
increased stress was measured for cell 5 for the 
system with fabric. This cell was located at an 
offset position approximately where maximum subgrade 
heave occurred. The membrane curvature at this 
location would be expected to increase the subqrade 
stress. 

The reduction of the subgrade stress for the 
system that contains a fabric appears to be due to 
the membrane effect, although it could also be 
partly due to an increased load-spreading capability 
of the confined aggregate. As a result of the 
reduced subgrade stress, a reduction in the rate of 
rut formation in the subqrade for a given vehicular 
loading condition should be expected. 
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In order to develop fabric-induced stress, sub
stantial vertical deformations, proper geometry, and 
fabric anchorage are qenerally required. Barvashov 
(10) and Raad (lll have sugqested prestressing the 
fabric in order to reduce the system deformation 
required to get the fabric in substantial tension. 

Friction and Boundary Layer Effect 

Friction developed along the interface between 
aqqreqate-fabric and friction-adhesion of the fab
r ic-soil interface create a boundary-layer or compo
site material of agqregate and soil immediately 
adjacent to the fabric. The comoosite material 
created due to the presence of the fabric should 
possess more favorable properties of ductility and 
tensile strength. The effectiveness of this phe
nomenon is closely related to the magnitude of 
friction-adhesion developed at the interfaces. 
Fabrics capable of developing high friction-adhesion 
appear to be desirable. 

Local Reinforcement 

Concentrated stresses due to imposed vehicular 
loading can cause a p1mching or local bearinq capa
city failure at the points of contact between the 
aggregate and subgrade. use of fabric between the 
aggregate and soft soil will serve to distribute the 
load, reduce localized stresses, and, in general, 
provide increased resistance to vertical displace
ment. Bell and others (]1_\ suqqested this as a 
possible mechanism in the stabilization of a road 
constructed over muskeg. 

Separation Function 

In the separation function, the fabric serves to 
prevent the fine-qrained subgrade soil from inter
mi xing with the coarse-qrained agqregate material 
and reducing its shear strenqth and stability. 
Depending on aggregate gradation, 10-20 percent 
additional plastic fines can cause a substantial 
reduction in shear resistance (13,14\. From the 
design standpoint, the aggregate within the inter
mixed layer is ineffective. 

These various mechanisms explain, at least in a 
qualitative sense, the improved performance or 
rutting resistance of aqgregate layers reinforced 
with fabric. The contribution of each of the afore
mentioned mechanisms is diHicult to quantify be
cause of the extreme complexity of the AFS system. 
Kinney (9\ has shown through his scale-model studies 
the confininq effect of fabric, and Lai and Robnett 
(j_\ have reported on the change in stress state at 
the subgrade that appears to be due primarily to the 
membrane effect. Thompson (15\, with theoretical 
studies' has shown the effect o f confinement on the 
moduli of the aggregate and the resultant structural 
behavior of the AFS system. 

The degree of benefit offered to the AFS system 
for its service life by a fabric depends to a large 
extent on the mechanical and durability (chemical 
stability) properties of the particular fabric 
used. Other factors such as subgrade strength, 
loading environment, and agqregate properties also 
have an important influence on the behavior and 
performance (rutting resistance) of the AFS system. 

It should also be acknowledged that the relative 
contribution of the various mechanisms most likely 
will be different for railroad ballast-subballast 
systems or permanent, surfaced hiqhway pavement 
structures than for the high deformation access or 
haul road type application. 

--
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AFS SYSTEM PERFORMANCE 

General 

Numerous laboratory and field studies are reported 
in the literature (2,3,8-10,12,16-24) that serve to 
illustrate the general behavior of fabric-reinforced 
aggregate layers over soft subgrade soil subjected 
to repeated surface loading, At the recent Interna
tional Conference on Geotechnics (25), at least five 
papers were presented that showed positive struc
tural benefits from the use of fabrics in conjunc
tion with aggregate support layers over soft soil, 
Normally, the performance of these AS and AFS sys
tems is measured in terms of surface ruttinq or rut 
depth. For specific job applications, the tolerable 
rut depth must be established, For highway vehi
cles, rut depths as great as 6-8 in might be toler
able, but for off-hiqhway vehicles, even more rut 
depth might be acceptable. Obviously, if the vehi
cle becomes immobilized because of contact of the 
undercarriage with the rutted pavement surface, this 
is undesirable. Similarly, the deformation that 
occurs under each wheel load will influence the 
power required to move the vehicle forward. Hammitt 
(~) has suggested that an elastic deformation of 
1.5 iri or less is acceptable in terms of the trac
tive resistance and commensurate power requirements 
of the vehicle. Hammitt (26) and others (5,8) also 
suggest that a 3-in rut depth be used as -a-design 
criteria for these unsurfaced roads, Obviously, for 
higher-type pavements that have asphaltic concrete 
surfaces, deformations of these magnitudes could not 
be tolerated. 

Figure 3 (_ll) illustrates the performance of a 
full-scale road that contains test sections of 
aggregate (control) and fabric-reinforced aggregate 
over a soft subgrade [California bearing ratio (CBR) 
= 1). Kinney and Barenberg (19) have reported the 
results of a laboratory repetitive loading study 
that used small-scale two-dimensional testing appa
ratus wherein a low modulus and a high modulus 
fabric were used in conjunction with crushed stone 
over a soft soil layer, Results of a large-scale 
pit test wherein AS and AFS (nonwoven fabric! were 
tested under repetitive loading (Figure 2) have been 
presented by Lai and Robnett ( 4). Typical results 
are shown in Figure 4 (4). -

Thus, it is obvious -that fabric-reinforced aggre
gate layers can provide superior performance com
pared with a similar system that does not contain 
fabric. The performance of such sys terns is, how
ever, influenced by a number of factors. 

Factors of Influence 

The following factors seem to have major influence 
on the performance of AFS and AS systems. 

Soil Properties 

Fabric is most often used in conjunction with agqre
gate roads where soil conditions are poor. AFS 
systems have been built on soil conditions where the 
CBR is as low as 0.5 or less, Obviously, for these 
very low strength conditions, repeated vehicular 
loadings cannot be placed on the soil without exces
sive rut development and vehicle mobility problems: 
rather, a pavement structure of some sort such as 
aggregate or aggreqate-fabric must be placed between 
the soft soil and the applied wheel loads. 

The typical approach used by many (5,8,14) to 
establish the tolerable level of imposed -subgrade 
stress has as a basis the theory of plasticity and 
classical work done by Rodin Cl.1) and Whitman and 
Hoeg C1,l!l. Basically, this approach stipulates that 

Figure 3. Rut depth as a function of vehicle passes. 
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Figure 4. Rut depth versus number of load application plots for 8-ft test pit 
results. 
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the onset of plastic deformation occurs in friction
less soils (~ = 0) under loading when 

qe = 7TC (!) 

where qe is the elastic bearing capacity of soil 
and c is the undrained shear strength of the fr ic
tionless soil, 

Complete bearing failure occurs when 

quit = (rr + 2) c (2) 

where qult is the ultimate or general bearing 
capacity of the soil. 

Skempton (2q) modified this equation to take into 
account geometric loadinq and deptl-i influence fac
tors and found for a square footing, 

(6.17)c. 

Rodin ( 27) , in his paper dealing with clay fills, 
states that the ultimate bearing capacity for a 
static circular or square footing resting on the 
surface of the clay is 

qult = (6.2)c. 

Thus, to develop rutting in the subgrade, the stress 
under repeated loading should fall somewhere in the 
range of 11c to 6,2c. For a given amount of rut
ting, it is reasonable to assume that, as the number 
of applied loads increases, the imposed subgrade 
stress must decrease in this range and tend toward 
the 11c value. 

A major assumption associated with the foregoing 
discuss ion is that a unique and constant relation 
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exists between shear strenqth and the ruttinq or 
permanent deformation a soil underqoes during repet
itive application of stress. The rut development in 
the subgrade soil is influenced not only by the 
inherent nature of the soil but also by the duration 
or rate of loading. The soil can be considered as a 
viscoelastic material, which means that its perma
nent deformation is not only controlled by the 
magnitude of applied stress but also by the duration 
of stress application. As the duration increases, 
the amount of permanent deformation per load or rut 
rate should be expected to increase. 

Figure 5. Effect of fabric modulus on initial rete of rut formation of AFS 
systems: 3-ft pit results. 
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Fabric Properties 

Critical and optimum properties and character is tics 
of fabric for use in roadways have not been firmly 
established. ~ell and others (ll suqqest that 
tensile strenqth, modulus, friction-adhesion, creep, 
bond strenqth, fatigue, failure elongation, and 
burst strenqth are important mechanical properties. 
Lavin and others (21, Robnett and others (3), and 
Lai and Robnett ( 4l have shown the imPOrtance of 
fabric modulus on - the performance (ruttinq for a 
given number of loads and rutting rate! of AFS 
systems. Typical results from Lai and Robnett (_!) 

are shown in Fiqures 5 C,!l and 6 (,!l • Giroud and 
Noiray (2,l recognize the significance of fabric 
modulus and failure elongation in development of 
their thickness design approach. In their approach, 
for a given geometry, the effect due to membrane 
support directly relates to the fabric stress and 
hence the fabric modulus. 'Barenberq (30) shows the 
reduction in design thicknesses of aggregate layer 
for AFS systems that contain a high modulus woven 
fabric compared with the systems that contain a 
lower modulus nonwoven fabric. 

We are not aware of any data published wherein 
other fabric properties are related to potential 
performance. 

Aqgregate 

A fairly good understanding currently exists as to 
the factors that influence the repeated load be
havior of various aqgregates in typical flexible 
pavement applications. Extensive research has been 
conducted in the areas of elastic or resilient 
behavior, the permanent deformation characteristics, 
and shear strength of various aggreqates (15,31-37). 
However, none of these various studies hasspecifi
cally addressed the behavior of various types of 
agqreqate in the system wherein fabric is used as a 
reinforcement. 

In a study being conducted in the School of Civil 
Engineering at the Georgia Institute of Technology, 
the effect of various types of aggreqate on the 
performance of AFS systems has been studied. The 
details of one of the testinq methods being used 
have been reported elsewhere <1!>· The followinq is 
a brief summary of the test proqram: 

1. A 3-ft diameter test pit (similar to Figure 2, 
except smaller) with 15-in thick, soft subgrade, and 
aggregate layer thicknesses that ranqe from 5 to 13 
in: 

2. Subgrade soil prepared to vane shear " 4 psi 
and CSR " 0.9: 

3. Fabric placed between soil and aqgreqate: 
4. Repeated loading applied on 6-in diameter 

plate, plate contact pressure = 70 psi, repetition 
rate s 20/min, and pulse duration = 0.2 s: and 

5. During loading, vertical movement of loading 
plate is monitored. 

Five different types of aggregate (sand, rounded 
gravel, and uniform and dense-graded crushed gran
ite) were tested. Figure 7 depicts typical perfor
mance of the various AFS systems. Note from these 
data that a substantially different response of AFS 
systems might be expected with different aggregates. 
Differences in response can also occur as a result 
of gradation and density changes. 

Loading Conditions 

The loadinq conditions that can affect the perfor
mance of AFS systems include maqni tude of loadinq, 
contact pressure, wheel confiquration, duration or 
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rate of loading, number of coverages, and degree of 
channelization of wheel loadings. The effects of 
duration of loading on the performance of AFS sys
tems have been discussed previously. 

The magnitude of the vertical pressure exerted on 
top of the aubgrade depends on the magnitude of 
surface loading, tire pressure and contact area, and 
the thickness and load-spreading ability of the 
aggregate. Because the crushed stone has virtually 
no tensile strength, load spreading is controlled 
primarily by shear resistance and the ~ of the 
aggregate (39), which in turn can be beneficially 
influenced by the reinforcement or confinement 
provided by a fabric. 

ANALYSIS TECHNIQUES FOR AFS SYSTEMS 

The capability for analysis of stresses, strains, 
and deflections in typical AFS systems is needed if 
a more rational approach to the understanding of the 
response characteristics and factors of influence 
for AFS systems is made. For many years, structural 
analysis of flexible pavements was accomplished by 
use of the Soussinesq and Surmister elastic theo
ries. These approaches have definite shortcomings 
due to the inability to represent material response 
properly. In recent years considerable effort has 
been expended in developing refined theoretical 
models for flexible pavement analysis [e.q., visco
elastic methods (VESYS), a shear layer method that 
allows the aggregate to resist shear but not flexu
ral stresses (39) J and various finite element tech
niques that c;; accommodate the typical nonlinear 
stress-strain response of subgrade soil, agqreqate, 
and crushed stone. Extrapolation of even these 
refined techniques to analysis of AFS systems pro
vides crude approximations, at best. 

The AFS system has interesting and complex fea
tures such as the following: 

1. Normally undergoes large plastic deformations, 
2. Has a thin fabric comPOnent with high tensile 

modulus but very low flexural modulus, 
3, Can exhibit slip at the aqqregate-fabric or 

the fabric-soil interface, 
4. Can exhibit membrane action, and 
5. Can, because of the fabric, have an abnormal 

confining pressure on the aggregate as deformation 
progresses and causes the aggregate to become stif
fer. 

Because of these features, most conventional 
finite-element techniques, although capable of 
incorporating nonlinear. stress-strain response, 
cannot accurately model the true AFS system. Raad 
(11), for example, has attempted to model the AFS 
system by prestressing a row of elements to enhance 
the membrane effect and assigning a Mohr-Coulomb 
approximation for the slippaqe characteristics of 
the fabric-soil and fabric-aggreqa te inter faces. 
Raad and Fiqueroa C.!Ql have reported on a comprehen
sive analysis method for AS systems without fabric. 
With these approaches the resilient response and the 
stress and strain state within a low deformation AFS 
or AS system can be calculated. 

Giroud and Noiray (5), Barenberg (30), and Bender 
and Barenberg (8) use the concept of the Boussinesq 
theory to estim-;te the initial state of stresses in 
an AFS system; they then correct (reduce) the verti
cal subgrade stress for the fabric-induced stress as 
rutting occurs. Kinney's fabric tension model C.2.l 
is an approach developed to calculate the maqni tude 
of contribution of the fabric tension to the wheel
load-induced stresses in the subqrade of the AFS 
system. 

None of these techniques allows for explicit 
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calculation of the permanent deformation that de
velops under repetitive traffic loading; rather, 
typically an algorithm or model such as the one 
developed by Duncan and Chanq ( 41) and later modi
fied by Barksdale ( 42) could be used to calculate 
plastic strains in the system. Giroud and Noiray 
(5) took data developed by Webster and Watkins (23) 
a;d Webster and Alford (24) and empirically derived 
an expression that relates aggregate thickness, 
number of loads, load magnitude, soil strength, and 
rutting for an AS system that contains no fabric. 

Thus, based on current literature, no theoretical 
technique appears to be available for precise analy
sis of the response of an AFS system subjected to 
repetitive loading. 

It would be desirable for an analytical technique 
to be developed for the AFS system that would 

l. Handle large displacements, 
2. Handle cyclic or repetitive loading, 
3, Incorporate nonlinear material behavior in

cluding failure, 
4. Incorporate a flexible fabric membrane that 

has tensile modulus but no bending resistance, 
5. Allow for slippage on both interfaces of the 

fabric, and 
6. Determine accumulated permanent deformation. 

DESIGN OF AFS SYSTEMS 

Methods for calculating with a reasonable degree of 
confidence the aqqregate thickness requirements for 
AFS systems ·are needed in order to efficiently and 
economically use fabrics. Such desiqn methods can 
have two distinctly different approaches. One basic 
approach might be called a theoretical-mechanistic 
approach and the other would be empirical in nature. 
The theoretical-mechanistic approach is one wherein 
theories for calculating the state-of-stress imposed 
on the system are coupled with the mechanistic 
response of the system components. In this ap
proach, it is essential that the theory used be 
capable of accommodating a complete definition of 
the mechanistic response of the AFS system to im
posed loading for the large deformations involved. 
The complexity of the AFS system, as suggested by 
previous discussion, makes it difficult to model the 
system perfectly and thus calculate the load-defor
mation response of the system. 

Even though a theoretical-mechanistic approach 
has the distinct advantage of being capable of 
considering a broad range in component material 
properties (especially fabric properties), such an 
approach does not- appear to be at a state where it 
can be incorporated in a thickness-design method. 
Such an approach, which incorporates certain simpli
fying assumptions, could be used, however, for 
parameter studies and sensitivity analyses of the 
AFS system. 

Rased on the foreqoinq, some combination of 
available theory, fundamental behavior of soil, 
aggregate, and fabric, experimental and observa
tional data, field experience, and enqineering 
judgment probably offers the most reasonable basis 
for a thickness-design method. In fact, a combina
tion of these forms the basis for most current 
design methods. 

We are aware of five design methods (_1l-fll for 
specific commercial fabric product lines and two 
more general design procedures, one by the U.S. 
Forest Service (14), which has had some limited 
field verification, and one by Giroud and Noiray 
(5), which is based on simplified theory and limited 
experimental results published by others. In con
cept, the procedure by Giroud and Noiray (2_) can 
potentially be used for a broad range of fabrics in 
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that the procedure does require design input con
cerning fabric modulus and percentage failure elon
gation: however, at the time it was presented the 
procedure did not mention any field validation. 

The U.S. Forest Service method (14), although 
implying broad applicability, probably Ts limited to 
use with certain nonwoven fabrics because it is 
based on work by Bender and Barenberg (~). 

The DuPont method (431 is based on thickness 
design concepts developedby the u.s. Army Corps of 
Engineers (48) and actual full-scale field tests and 
other performance observations. The Celanese meth
ods (!!,45) are based on small-scale laboratory 
testing (8, 9) , fundamental material behavior 
(Rodin's workl (27), Boussinesq theory of stress 
distribution, and Kinney's fabric tension model ( 9) 
for the procedure described elsewhere (451. The 
Bidim method (~I has as its basis large-scale 
experiments that use a constructed bentonite sub
grade and actual full-scale traffic loadings. 'l'he 
basis of the Imperial Chemical Industries (ICil 
method l.!ll is unknown to us. 

Note that most of these methods do not allow for 
variations in performance or rut depth. The failure 
criteria assumed are often unclear. Also, only the 
DuPont, ICI, Giroud and Noiray, and, to a limited 
extent, U. s. Forest Service methods allow for traf
fic density as a design input. 

Space limitations do not allow for additional 
critique and discussion of these desiqn procedures, 
None are ideal since none appear to explicitly 
consider all important design inputs. Figure 8 
(_2,fl-.!§.l sununar izes the general range in thickness 
requirements for aggregate-surfaced roads with and 
without the inclusion of fabric found from these 
design methods [except the method of ICI (.!111 for 
the design conditions shown. 

SUMMARY AND CONCLUSIONS 

This paper has briefly reviewed the general perfor
mance characteristics of AFS systems, the mechanisms 
that contribute to the improved performance due to 
fabric, various factors that affect the performance 
of AFS systems, and methods of analyzing and design
ing AFS systems. 

Figure 8. Typical aggregate thickness requirements for haul roads with and 
without fabric. 
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Based on the discussions presented, the following 
conclusions appear warranted. 

l. Based on available information, the use of an 
interlayer of fabric in an aggregate-surfaced road 
can lead to better performance or, alternately, the 
fabric will allow reductions (25-40 percent> in 
aggregate layer thickness (compared with the AS 
system that contains no fabr icl for the same level 
of performance. 

2. Higher modulus fabrics appear to be of greater 
benefit to performance than lower modulus fabrics. 
Fabrics can provide reinforcement to the AFS system 
even before substantial rutting has occurred, 

3. Numerous mechanisms responsible for the bene
fits have been postulated: however, the exact con
tribution of all these mechanisms has not been 
quantified. 

4. Numerous factors, including component material 
(soil, fabric, and aggregate) and loading condi
tions, have major influence over the response of AFS 
systems. Recognition of these factors and integra
tion of them into design and decisionmakinq pro
cesses will lead to more predictable performance of 
the AFS system. 

5. The behavior of the AFS system under repeti
tive loading is complex. Currently, no analytical 
models are available that correctly model this 
complex structure. Consequently, calculated struc
tural response (stresses, strains, deflections) are 
often at best only estimates. Substantial work is 
yet to be accomplished in terms of analytical model 
development for the AFS system. 

6. At least seven design procedures are available 
for determining the thickness requirements of AFS 
systems. Five of these are for specific commercial 
fabrics, however. These methods are primarily 
empirical in nature and in qeneral do not consider 
all important design parameters. There is no qen
eral design procedure available that can accommodate 
a variety of fabrics with widely differinq inherent 
properties and a variety of other design input 
values. There is need to develop a qeneral, funda
mentally sound, design method that can allow the 
potential fabric users to make valid economic deci
sions in selectinq fabrics and design thicknesses 
for various job requirements. 
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Case for Removing Bridge or Culvert Rails on 
Low-Volume Rural Roads 

BOB L. SMITH 

Concrete or masonry bridge rails, parapets, or hubguards (if more than 4 in 
higher than the roadway surface) on narrow bridges and culverts on low-volume 
(ADT < 400) rural (LVR) roads are dangerous roadside obstacles. Based on the 
current state of knowledge it is suggested that, in many instances, striking the 
end of a rigid bridge-culvert rail is more hazardous to the motorist than travers
ing the adjacent stream bed or drainage area when rails have been removed. The 
case for rail removal is supported by the effective widening of the roadway due 
to rail removal, convenience to farmers in moving wide, low farm equipment, 
and benefit/cost ratios. The benefits are estimated reductions in annual acci
dent costs and were calculated by using current published data on estimated 
collision frequencies, accident severity indices, and accident costs. The costs 
are the estimated costs of rail removal. There is a need for roadside hazard re
search aimed specifically at the problem of quantifying the hazard of vehicles 
that strike bridge-culvert rails versus the hazard of vehicles running off the road 
after rail removal. 

The concrete or masonry bridge rails, parapets, or 
hubguards !if more than 4 in higher than the roadway 
surface) on narrow bridges and culverts are danqer
ous roadside obstacles or hazards. 

A bridge rail is a longitudinal barrier whose 
primary function is to prevent an errant vehicle 
from going over the side of the bridqe structure 
(!l. It is apparent, in drivinq on low-volume 
(ADT < 4001 rural (LVRl roads, that in many in
stances it would be far better for the vehicle to go 
over the side of the structure than to strike the 
bridge rail, especially the end of the rail. 

Informal discussions with roadside hazard re
search engineers at Texas Transportation Institute 
and Southwest Research Institute of "When is it bet
ter, on LVR roads, to strike the rail rather than 
traverse the ditch next to othe culvert or bridqe?" 
resulted in the following consensus: It is almost 
always better to take to the ditch than hit the 
bridqe rail--unless the ditch is very deep, steep, 
or the culvert or bridqe has a large drop off to its 
bottom. In other words, the best safety strategy is 
to remove the bridge rails on narrow LVR structures. 

The validity of this consensus is supported by 
the widely accepted priority of actions or strate
gies with reqard to existinq roadside obstacles 
(hazardsl I!:!• p. 340: !l: 

1. Remove the obstacle, 
2. Relocate the obstacle to a point where it is 

less likely to be struck, 
3. use breakaway devices to reduce the severity, 
4. Use impact attenuation devices to reduce se

verity, or 
5. Protect the driver throuqh redirection of the 

errant vehicle (use of guardrails or roadside bar
riers). 

A roadside barrier is a longitudinal barrier used 
to shield hazards located within an established 
minimum width clear zone Ill. 

Strateqy 1, removal of bridge 
by the American Association of 
Transportation Officials (AASHTO) 
151. 

rails, is supported 
State Highway and 
<l· pp. 111, 3, 5, 

.•. current criteria suggest that bridqe rails 
should be installed on all bridge structures: 
however, the view is now held by some highway 
engineers that these criteria are too restrictive 
and in some cases have resulted in the unneces
sary use of bridqe rails. A possible example of 
this would be their use on a short structure that 
spans a shallow stream or drainage area on a low
volume rural roadway. Many such structures do 
not have an approach roadside barrier to shield 
the bridge rail end. tt is likely that the ex
posed end of the rig id bridge rail is more haz
ardous to the motorist than would be the stream 
or drainage area. Judgment must therefore be 
used to determine it the overall hazard of the 
bridqe rail and the approach roadside barrier 
necessary to shield the bridge rail end is less 
hazardous than the roadside condition being 
shielded. Warrants for barriers to shield cul
verts can be established from the criteria in 
Section III-A .••• 
.•• It has been said that a traffic barrier is 
like life insurance--it is qood to have as lonq 
as it is not needed. Althouqh this is an over-
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