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ABSTRACT

The purpose of this paper is twofold. Firstly, itlyrovide a brief description of the
technological developments involved in the Heawhi¢ke Simulator (HVS) accelerated
pavement testing equipment. This covers the pdrad its conception in the late 1960’s, to
the current state-of-the art HVS Mk-Ivthe HVS-A Mk-V, as well as the new HVS Mk VI.

Secondly, an overview of the research performedhleyvarious accelerated testing
programs currently using the HVS as their accederdesting tool will be provided. The
overview will focus on experience in South Afridhe country in which the HVS was
developed. Brief descriptions of HVS research auwinmaries from other programs
worldwide are also provided. These include thetrféaed Pavement Research Center
(California), the U.S Army Corps of Engineers Erggrning Research and Development
Center (CRREL and WES), the Swedish and Finnish #M&lic program and the Florida
DOT HVS test programs.
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BACKGROUND

The need for accelerated testing of pavementseaitom the uncertainty of design
models and analysis techniques that could onlydvdied with performance observed under
normal traffic in real time. Accelerated Pavemtdting (APT) was developed to fill the
important gap between empirical design models @ad| tong-term pavement performance

monitoring and analysis.

APT came to the fore in the late 1950s with th&SMO road test in the USA and
since then has played an important role in theatien of road construction to a largely
rational process Metcalf (1) reported 28 active ARdgrams worldwide, and Hugo & Ebbs
(2) listed significant findings from these for fisitale APT. The philosophies behind - and
the approaches to - APT in the various programg eansiderably, imparting some degree of
uniqueness to several of these experimental set-upthe case of the South African Heavy
Vehicle Simulator (HVS), this uniqueness resulisngrily from the fact that it was designed

to be used on real, in-service pavements.

Motivation for an HVS program in South Africa

Although empirical design procedures developenfthe AASHO road test were
originally incorporated in the South African desigethods in use at that time, a great deal of
effort was devoted to the development of desigrtgaares to suit the local environment. As
APT appeared to have the capability of rapidly eatihg the performance of these

developments, South Africa decided to pursue ts@ach.

Fixed-facility APT devices, and in some cases |taxilities, have the disadvantage
that specially designed experimental pavement aestbuilt at these facilities may not be
typical of in-service pavements. In order to adsltb® shortcomings of all the available APT
technologies at that time, the then National lo&iiof Road Research (NIRR) of the Council
for Scientific and Industrial Research (CSIR) (nd@we CSIR Built-Environment Unit)
developed the Heavy Vehicle Simulator (HVS).



The start-up of the South African HVS program

The South African pavement design approach dufireg #960s was to develop an
analytical design procedure in which the engineggharacteristics of pavement materials
could be used together with a mathematical modelptedict or analyze pavement
performance (Walkeet al.,3). This led to the South African Mechanistic [@esmethod (4).
Confidence in these models could however, onlydtaldished by verifying their predictions
against the performance of real pavements. In M¥Y Vuuren (5) reported that there was
no satisfactory procedure for the determinationhef effects of abnormal vehicles on roads
and he recommended that full-scale experimentdl resds be built and trafficked with
abnormal heavy vehicles. This led to the constractf full-scale test section loops at the
Silverton test site of the then NIRR. Heavy vedscivere used to apply the loads on these
test sections. The low rate of load applicatiopsising this approach became the motivation

for the development of an accelerated loadingriggacility.

The first HVS was designed to simulate the damame do airport runways resulting
from the impact of aircraft landing gear. Thiseikfacility was manufactured from Bailey
bridge components and subsequently became knowimeadVS Mk |. The reaction force
(ballast) applied to the pavement utilized watemk$a placed above the aircraft wheel
supported by the Bailey bridge structure. Thelitgcproduced useful results but was not
mobile. As a result, in 1972 Van Vuuren (6) recasmohed that, owing to atypical
construction of test sections at the Silverton, sitenobile loading facility be developed that
could test real, in-service pavements.

The first fully mobile, self-powered HVS (Mk 1) veacommissioned in October 1970
(7). The 30 ton machine could apply up to 800 tipas per hour over a 6.2 m long test
section. The initial maximum load applied to tfev@ment was 35 kN (1/2 axle), which was
later increased to 75 kN (1 axle). By the end @72, 10 accelerated trafficking tests had
been conducted with the HVS Mk Il. Data collectating the initial 10 tests included
surface deflections, radius of curvature, permadefdrmation, Visual distress data, such as

cracks, material loss, shear failures, etc.



Analysis of this data provided information on wheeld equivalency factors, rutting
in untreated granular layers and load-associateckirg in cement-treated bases. By the end
of 1975, 24 tests had been completed with HVS Mkbuk the main success and focus of the
HVS program began in 1972. A new coal deliverydrbad been built between Witbank and
Johannesburg between 1966 and 1969. Severe faibairred on a 48 km section of this
road within the first year of operation and majehabilitation was necessary on certain

sections. As a result 18 HVS tests were conduatethis road to investigate these problems

(8).

The test results were so promising that in 1972RtRotivated for the manufacture of 3
additional improved HVS Mk Il machines, which wedesignated HVS 2, 3 and 4 (9).
These machines were financed by NIRR, the Nati@sdartment of Transport (NDoT) and
the Transvaal (now Gauteng) Department of Transpbine motivations for expansion of the

HVS fleet are briefly summarized below:

* The desire was expressed by some road authontserify new pavement designs in the
field before the start of any major constructiop,constructing trial sections in the same
area so that environmental and subgrade conditiongd be similar to those pertaining
on the actual construction site. The objective lkdae to determine the mechanism of
distress and life (in terms of the number of loagetitions) to “failure” of the proposed
pavement and to improve the South African new Pavegmand Rehabilitation design
procedures. The specific aims were:

- To determine wheel load equivalencies;

- To establish the effect of bi-directional traKieg;

- To verify new designs proposed in the pavemesigtlemethod;

- To extend the data from the above to four climeggions in South Africa;

- To verify the theoretical predictions of distrés€emented base pavements;
- To evaluate the prediction of fatigue crackingituminous pavements, and

- To evaluate stress-dependent response and ddfonntd existing pavement

for overlay design purposes.



FURTHER DEVELOPMENTS OF THE HVS

Fundamentally similar to the Mk Il, the Mk Il rolaines had significant differences
beyond simple cosmetic improvements: the test whaaiage was now designed to take
normal dual truck wheels (only single wheels wesediin the Mk Il model), as well as
aircraft wheels. Road transportation was changeasé a truck tractor for towing the HVS
between remote locations at about 45 kph. It wdfspssvered for on-site mobility. The
design also allowed for both uni- and bi-directiomafficking (Clifford, 1975, 10; Paterson,
1977, 11). The test section length remained ateep@m and loads of up to 200 kN were
possible. Test wheel speed was about 8 kph, al@pfanapproximately 18 000 bi-directional
wheel load repetitions per day. At a test wheatllof 40 kN (half-axle) this produces 18 000
ESALs per day. Further acceleration is achievedinmyeasing the test wheel load. For
instance, if a wheel load of 100 kN is applied, fimarth power damage relationship suggests
that each pass of the wheel produces 39 ESALs fotal of about 702 000 ESALSs per day.
The design allowed for simulation of up to 1 metaffic wheel wander. Dimensions of the
HVS were 23m L x 3.7m W x 4.2 H. The Mk 1l weighatout 57 tonnes.

In contrast to the Mk I, the three new productioachines went into continuous use
on public roads throughout South Africa from thdsett They were funded from grants
received from the NDoT (for two machines) and frotine Transvaal Provincial
Administration (TPA) (for its machine) and were afierated and maintained by NIRR staff.
This was done in close collaboration with the reahorities involved, and representative
advisory committees were formed from the beginninghis relationship has been a
significant factor in the undoubted success of phegram, ensuring the earliest possible

application of important findings.

From the late 1970s and throughout the 1980sexipanded HVS program was able
to underpin virtually all the advances and develepts in South African pavement
engineering, some of which are highlighted latAfthough South Africa’s political status at
that time undoubtedly restricted direct exposurahef HVS’ work, significant numbers of
overseas visitors came to South Africa during gleisod, notably from the United States, the

United Kingdom and Australia.



In 1994, after a successful pilot project destiaiing the capabilities of the HVS, the
California Department of Transportation (Caltrardgcided to establish the CAL/APT
program and purchased two of the HVS MK Il machirtgoth machines were refurbished in
South Africa before being shipped to the USA. Timechines were delivered in 1995 and
immediately began testing pavements for the CAL/AR®gram. This program involved
collaborative efforts between Caltrans, the Uniwgrsf California, Dynatest Consulting and
the CSIR. This venture sparked international irdeie HVS technology and by 2003, 4

additional new units had been sold internationally.

The rising interest in APT internationally has bweaosfurther development in HVS
technology and a new generation of HVSs, the HVS IMkwas developed by Dynatest
Consulting under license from the CSIR. The HVS IMkremains closely aligned to its
forerunners, but was modernized and re-designenh filee ground up, resulting in an
improved and more efficient machine. Fully compuintrolled, many of the functions of the
machine are monitored and automatic shutdown ocifuasy of these functions deviate
beyond pre-set limits. Use of off-the-shelf runnggar components and other improvements
resulted in a weight reduction to approx. 46 tonhésight was reduced to 3.9m. Test wheel
speed was increased to about 12 kph, thus allof@ngpproximately 26 000 bi-directional
wheel loads per day. Other test specificationssarelar to those of the Mk Ill. The first
HVS Mk IV was purchased by the Cold Regions Reseaned Engineering Laboratory
(CRREL) of the US Army Corps of Engineers (USAC®&hich took delivery in early 1997.
A second HVS MKk IV was sold jointly to the natiorbad Research Laboratories of Finland
and Sweden (VTT and VTI respectively) and was @eéd in June 1997.

In a parallel development, a HVS for the testingioport pavements was designed for
the Waterways Experiment Station (WES) of the USnAICorps of Engineers. Apart from
its physical size (36.3m x 4.23m x 4.99m) and wei¢tD2 tonnes), the fundamental
difference between the new HVS-A Mk V (dubbed “Bigf’) and the HVS Mk IV lies in the
loading capability of the former - it can load ttest wheel up to 440 kN over a 12m test
section, whereas the HVS Mk IV can only apply a RBOload over 6m. The HVS-A is also

designed to utilize dual aircraft wheels. This mae was delivered to WES in 1998.

An improved version of the Mk 1V, the HVS Mk Iwas also designed for CSIR and
was delivered in March 1999. The HVS MK'IM based on the HVS Mk IV, but the frame



and loading beam were strengthened in order tovale simulation of full dynamic loading.
The hydraulic systems of the HVS Mk1\énd the strengthened frame will allow for a future
hydraulic and systems upgrade to simulate dynaoadihg at a frequency of 10 Hz. A HVS
Mk IV* was delivered to Florida Department of TranspoBR@H) in 2000 and the Central

Road Research Institute in India has ordered anddivery in 2009.

The latest HVS is the Mk VI. The basic Mk VI costsout 25% less than the Mk 1V
This was achieved by removing self propulsion aelfl gowering features, which are now
available as optional extras. The MK VI frame wasdesigned and the hydraulic system
simplified by using the Mk V carriage design. Laagliand other functional capabilities are
the same as those for the MK'[Mbut the MK VI has an optional beam extension Wwhic
allows for a higher test wheel speed over a 6mstasion or at the same test wheel speed as a
MK IV ™ over a 12m test section. The Mk VI can also be tbivetween sites and its reduced
weight allows for easier towing. The MK VI wheeleaurntable mounted, making it more

maneuverable on site.

The first of these machines will be delivered taa@giAn University in Xi'an, China
during the first half of 2008.

SIGNIFICANT OUTPUTS FROM THE HVS PROGRAM IN SOUTH A FRICA

Some of the most significant developments in thetlsdfrican pavement design

engineering field resulting from the use of the HM® briefly mentioned.

Materials-based development.

Large aggregate mix bases (LAMBS)

Preliminary results are reported elsewhere (Rusi, 1992, 12), which highlighted
the promising behavior and the technical benefitthis type of base course. Following an
extensive laboratory study, the HVS was utilized vedidate laboratory findings. The
development work has since been completed andteesinl a design method (Sabita, 1993,
13).



Granular emulsion mixes (GEMSs)

The use of emulsion-treated bases, primarily éwabilitation and improvement of
existing roads, remains a particular area for dguakent in SA. The main objective was to
compare GEMs using marginal parent in-situ matevith imported aggregate crushed stone
base materials. More recent HVS results (de Bedr @robler, 1993, 14) have provided

additional input for the development of an apprajaridesign method (Sabita, 1993, 15).

Rehabilitation measures for cemented-base pavement

A long-term HVS investigation into the selectiof rehabilitation measures for
lightly cemented-base pavements has been done.mahefindings of this investigation are
reported elsewhere (Steghal, 1997, 16).

Treatments for phased upgrading of unpaved roads

HVS work in South Africa is closely aligned witthe need for cost-effective
improvements to unpaved roads, as part of a phapegading. Details of an HVS
comparison of several bitumen- and tar-based teatitypes were investigated during the
1990s (Steyn, 1996, 17).

Comparison of bases constructed by labor-enhareethiques

The application of labor-enhanced, or labor-iste®, construction techniques is of
special relevance to South Africa. The HVS progf@am1997 compared the behavior of
different base types constructed in this way. €haslude penetration macadam, emulsion-

treated natural gravel and slurry-bound macadam.

Porous asphalt

The performance of porous asphalt, with void eotd in excess of 20 per cent, under
accelerated traffic was investigated. The defoionatharacteristics of a porous asphalt with
a bitumen-rubber binder were investigated with H\&. This work has been incorporated

into a porous asphalt design manual (Sabita, 126,



Developments in design, analysis and performance atacterization.

South African pavement structural design methodcl{iical Recommendations for
Highways, TRH4)

The SA flexible pavement design method and cgtedavas developed over the years
with major input from HVS data (CSRA, 1980; 1989).1 It was revised to include certain
additional refinements arising from the HVS progré@SRA, 1996, 20). Details of the
underlying changes in the analytical evaluatione (t8A mechanistic design method,
SAMDM) were given by Theyset al.,1996, 4).

Improvements in the modeling of permanent defooman pavements

HVS performance data have been used in the igatisin into the individual
contributions of the various pavement layers todkierall deformation of the structure. A
new approach to the estimation of these permarefotrdations has been proposed, details of
which are reported elsewhere (Theyse, 1997, 21).

Improved modeling of in-depth deflection bowls

A back-calculation method for more realisticaliyodeling in-depth and surface
deflection bowls, based on actual responses mahsdueing HVS testing, has been
developed. Extremely good correlations were obtainsing linear elastic layer theory to
derive appropriate stiffness values (Prozzi, 1227,

Latest research

Long-Term Pavement Performance and HVS

Although accelerated pavement testing (APT) cad, does, provide significant data
for analyzing and predicting the effects of traffaading on the performance of various
materials, it is not always capable of predictimyimnmental and other long-term effects.
Only when comparisons of APT and long-term pavenpemntormance (LTPP) are available

will there be greater confidence in the interpietaand use of APT results.

During 2005 Gautrans conducted LTPP analyses ofseegions adjacent to recently
completed HVS experiments. The project starteti wie development of a protocol for the
establishment and operation of LTPP sections, wimcludes:
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» Details on linking LTPP to HVS data collection;
* Management and responsibilities;

 Site location and establishment;

» Data collection and storage, and

» Reporting of criteria.

To date, four LTPP sections have been establighegke of which are adjacent to in-
field HVS testing areas (23). All these LTPP samudi are evaluated twice a year at the
beginning (May) and end of the dry season (NoveinibeSouth Africa. The first series of

evaluations took place in December 2005, andliosigoing. Current evaluations include:

* A visual assessment;

» Transverse and longitudinal profiles;

* DCP measurements;

* In situ density and moisture content determinations

» Riding quality measurements, and

» Deflection measurements (Falling Weight Deflect@ne{FWD) and Road Surface
Deflectometer (RSD)).

Traffic volumes are determined from seven-day iraffounts and environmental
conditions are determined from rainfall and tempemreadings collected at nearby farms

and by temperature sensors installed at the LTP#ogs.

Because only 5 data points have been recordede(diexzember 2005) it is not
possible to make realistic predictions on the sseaaf HVS testing to simulate real life
deterioration yet. An example of a comparisonutfing development of an HVS test (on the
N7 near Cape Town) with the results from the adjatd PP section is shown in Figure 1.

Promising results have been achieved althoughriestigation is still in its early stages.
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Figure 1: Comparison of the rut development of theHVS test section to the adjacent
LTPP section

HVS testing of Concrete Pavement structures

The South African National Road Agency Ltd. (SANRAGautrans, the Cement and
Concrete Institute (C&CIl) and the CSIR startedoactete research program in 2003 to
address the current shortcomings in the South &frienechanistically-based concrete

pavement design manual.

In order to address especially the load transfrestwo HVS experimental Portland
cement concrete (PCC) sections were constructedhesel sections were subjected to

accelerated loading for a period of over 7 montagisag in November 2003 (24, 25, and 26).

The specific objectives of these tests were to:

1. Investigate the influence of the environment aamtelerated loading on joint
deterioration of doweled and plain aggregate iatdihg joints using quartzite and
dolerite materials, and

2. Determine the remaining life of an in-servica@@te inlay pavement section on the
N3.
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In a second study the structural capacity (remgififa) of an in-service Continuously
Reinforced Concrete Pavement (CRCP) inlay whiclwgloa significant amount of cracking
(26) was investigated. The CRCP pavement was iwanst in 1998 and up to December
2004 had carried about 7 million ESALs. It was oradly designed for less traffic. At the
time when the HVS testing was conducted only afewch-outs had occurred on this section
of the road, mainly at transverse constructiontppand close to the inner longitudinal edge

where the road is in a horizontal curve.

In order to obtain an indication of remaining lie,section was selected for testing
with the HVS in a location where the existing crgzkitern suggested the potential of a

punch-out developing.

Using the 4.2 damage factor the pavement was debjgo 5.9 million ESALs in
addition to the 6.5 million prior to the start ofv8 testing and the pavement was not

considered to have failed after completion of #st.t

The benefit of HVS testing was clearly illustrateg this study. On account of the
existence of a significant cracking pattern it wlagught that the pavement had reached the
end of its structural life. Through HVS testingnis discovered that the pavement had not
yet failed and that a significant amount of traftiould still be carried before any major

rehabilitation would be required.

In the most recent HVS study (April 2005 — April(B) Ultra Thin Continuously
Reinforced Concrete Pavement (UTCRCP) sectiondeairey evaluated (27). This type of
concrete (typically less than 50mm thick) is anaideverlay rehabilitation method in areas
where bridge clearance problems exist and limitete tfor full depth reconstruction is
available. The HVS is used for the determinatibrthe optimum mix design, structural
strength and the applicability of UTCRCP to be pthon different pavement types in various

states of distress.

The outcome of this research has been so succésafl BANRAL has put out tenders
for a full-scale rehabilitation project on a majoreway using this specialized rehabilitation

method after the validation using the HVS
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OTHER HVS PROGRAMS

The following is a brief summary of APT efforts warthken with the HVS outside
South Africa.

California

In the nine years between delivery of the two rfeiired Mk IIl HVS’s and the end of
2007, these machines have applied about 81 m#élainal load repetitions, or approximately
6 billion ESALs if the fourth-power damage relationship istaesed. More than 70 pavement
sections have been tested, including those conettugith materials such as dense graded
asphalt concrete (DGAC), asphalt-rubber (RAC-Gyyragate base (AB), and subbase (ASB),
asphalt-treated permeable base (ATPB), PCC, fastgehydraulic cement concrete
(FSHCC), modified binders and cement-treated b&sa@®). Performance of DGAC and
RAC-G overlays on AC has been compared, and Idagikxible overlays of existing PCC
have been developed and tested. Dowel bar re{dBR) of AC pavements using foamed
bitumen and warm AC is currently being tested. didethave been published elsewhere (28),

or can be found atww.its.berkeley.edu/pavementresearch

Finland and Sweden (VTT & VTI)

The VTT / VTI MKk IV HVS was delivered to Finland 997 where it was used to
test typical Finnish pavement structures. It watssequently moved to Sweden where tests
included the evaluation of three pavements wittdgadly increased bearing capacities, as
well as evaluation of mill-and-fill maintenance dtments for these sections. Innovative
approaches, such as the use of steel mesh in hibuspavements, have been evaluated. The
performance of crushed rock compared to naturalajfzas been studied, as well the effect of
mica content in unbound base layers and the effegradation variations in crushed rock

subbases.

Different base layer thicknesses on light fill m&tehave been tested and cement-
bound base layers of differing quality comprisimgns-rigid pavements have been evaluated.
Collaborative studies have also been undertakem Mvitland to evaluate Icelandic base and

subbase performance, and a proposed warranty paveingcture for Poland was tested.
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Current testing involves evaluation of potentiavgraent upgrade and reinforcing
procedures in Slovenia and Poland under the SuadtieinPavements for European New

member States (SPENS) project. Detailed reportaaiable atvww.vti.se

Florida DOT

In the first 3.5 years after receiving its HVS MKH in 2000, FDOT has applied 8.5
million uni-directional passes of a 40kN wheel loabhis would represent 17 million passes
if a bi-directional approach had been used. FDQ@% hvaluated the effects of polymer
modification of Superpave mixtures, as well as riting performance of coarse and fine-
gained mixtures. The early strength requiremeatsPICC slab replacement to minimize
shrinkage have been studied and the feasibilitysoig composite pavements such as UTW
and TWT in Florida has been investigated. Evatumabdf the effects of aging on pavement
cracking is on-going. The HVS has also been useestothe performance of raised pavement

markers.

A study in which dual, wide based and new wide tdses are compared is planned.
Details can be found at:

www.dot.state.fl.us/statematerialsoffice/pavemealigation/peresearch/apt

USACE CRREL

This HVS MK IV program specializes in APT at the ACE’s frost-effect research
facility which allows moisture and temperature e¢oht A subgrade performance study
evaluating moisture effects was initiated with FHWahd included collaboration with
Denmark and Finland. This study continues as deplefund approach led by New York
Department of Transport (NYDOT) and includes 18eot8tates. CRREL also performed a
tire-pressure effect study on low-volume road pamets for the US Forrest Services (USFS)
and a thaw-effect study for the US Air Force (USAERREL evaluated the use of geogrids
to reduce base thickness requirements, as weleiatorcement for high volume flexible
pavements. It also evaluated the performancepafire resulting from the provision of utility

services. Details can be foundwatrw.crrel.usace.army.mil/cerd/hvs

USACE WES
The HVS-Airfield Mk V at WES is typically used fdiigh wheel load short duration
APT studies. For instance, the first test at WES planned to involve 100 000 passes of a
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B727 aircraft landing gear. Work has been perfaloe evaluating pavement structures for
the new C-17 cargo aircraft, including rapid resaiategies. Short term research has focused
on wheel load interaction for new aircraft gear fagurations. WES is unique in its
evaluation of expedient airfield pavements for tarly use over very short periods, with
durations of 4 weeks, 6 months or 2 years. Theay-term efforts focus on pavement
performance relationships. Current work includesting to verify various revisions to the
CBR procedure for flexible pavements, to verify miom AC thickness requirements used in
current AC pavement design procedures and to eteathe use of marginal materials for
airfield pavement base course construction. [etain be found at:

http://pavement.wes.army.mil/at.

CONCLUSIONS

The South African HVS program has had a signifigargact on the development of
pavement engineering in South Africa over the gasyears. The use of this technology has
resulted in significant savings in road buildingdaehabilitation costs to the country. Given
the international acceptance of HVS technology, ramployed in four continents with 9
machines in operation and another on order, thé A6xyears are likely to be equally

successful.
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