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C old R egion P avem en ts

(寒区路面)

    G uy D ore
(C ivil E ng ineering D epartm ent，L“w f U niversity ，Q uebec (Q c ) G IK  7P 4 ，Canada )

A bstract：T he article m ainly discusses several essential problem s of cold region pavem ent，including ther—

m al cracking of asphalt concrete，cracking deterioration and heaving．frost heave，seasonal and long term

roughness induced by different frost heave，frost heave cracking，bearing capacity loss during spring

thaw ．T he reason for these problem s is that cold region pavem ents are subjected to intense solicitation by

clim atic and environm ental factors．T he author offers several m odels corresponding to the solicitation．

F urtherm ore in conclusion of the article the author indicates future research for cold region．

K ey w ords：therm al cracking；crack deterioration；{rost heave；frost heave cracking

C L C  num ber：IJ4 19．92 D ocum en t code ：A

    C old region pavem ent s are subjected to intense

solicitat ion by clim atic and environm ental factors．

T he three m ain factors contributing to pavem ent

d eterioration in co ld clim ate are：T herm al co n trac

tion and fract ure in bound layers，volum e change

caused by frost heave and bearing capacity loss

during spring thaw ．T hese factors are likely to re—

d uce b o th th e fun c·tional an d th e stru ctu ral 1evels of

service of pavem ents．T hey are considered to be

im portanl causes of pavem ent deterioration in cold

c】in la te s．

2  G old R egion P avem ent P roblem s

2．1 T herm al crack ing of asphalt concrete

    B ound lnaIerials are sensitive to tem perature

variations． A s tem perat ure drops，asphalt con—

cretes ten d to con tract．In th e ab sen ce of join ts，

th e to n ira ctio Ill iS restra in ed an d ten sile stresses

b u ild—u p in th e m aterial．If th e stresses e xceed th e

strength of the m aterial，a therm al crack is initia—

ted． Since flexible pavem ents are infinit e along
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their longit udinal axis，stresses tend to develop a

long this axis． T herefore，therm al crack s Occur

transversally and are thus also called transverse

 cracks．Figure l illustrates t he build up of stress

 and strength in bound m aterials subjected to pro—

gressive cooling．A s tem perat ure drops in the 111a—

terial，stress and strength increase follow ing paral—

lel courses until the glass transition tem perature is

 reached．A bove that tem peral ure，the asphalt ce—

m ent is in a fluid state and stress relaxation w ith

o ut fractu re Occu rs u n d er th erm al stress． B elow

that tem perature，asphalt cem ent is in a glassy

state and stresses cannot be relaxed．T he strength

of the m aterial is thus reduced and cracking can oc—

c u r ．

    A ccording to V in son et a1．Ill，the factors af—

fecting low  tem peratu re cracking of asphalt con—

crete pavem ents can be grouped in three m ain cate—

gories：

    M aterial related factors：

    (1) T he tem perature—stiffness and the tem per—

ature—strength relationships of the asphalt cem ent；

    (2 ) A ggregate type and gradation ：
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    (3) A sphalt CeHlenl cOn|enl．

    E nvironm ent relaled factors：

    (1) 7I、em peralure (1he cohter

perature． the greater the incid

crack ing )；

冻    土

th e su rfaI，e teIll

en ce o f f}_1errn a l

    (2 ) R ate of cooling ；

    (3 ) P avem ent age (hardening of asphah ce

m ent w itll age)．

    P avem en t strtIcl ure and g eom etry ：

    ( 1 ) P avem en t w id th ( 7i'h erm al cra(-k s are

m ore closely spaced on narrow  roads)；

    (2 ) P avem en t t h ick n ess ( T b ick er p ay em en ts

resist bet ter t herm al cracking)；

    (3 ) F riction betw een the A C  layer ￡nd the

b ase co urse；

    (4 ) Subgrade t ype (Pavem ent on cohesive

subgrades are less subjected to lberm al cra(king)；

    (5 ) C on sIruetio n flaw s．
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Fig．1 I．ow tem peraturc cracking of asphalt concrete [2j

2．2  C rack deterioration and heaving

    0 n ce crack s are initiated in th e asp hah co n—

crete surface ， pavem en t d eterio ration is acceler—

ated．T he reduction of the layer stiffness in the

vicin itY of th e crack co m b in ed w ith b ase m aterial

w eakening caused by w a rer infiltration am plify

pavem ent dam age caused by t ruck traffic．A s a re—

suit，secondary cracks are init ta red and

crack tends to becom e fauh ed and depres

    A not her frost related problem  has

 th e

se d．
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served on cracked pavem ents w here deicing salt are

 used to Ilm intain the surface free of ice during w in—

ter．Short w avelength surface deform ation resul—

ri ng from  frost heaving along Iransx7erse cracks se

 riously affects driving conditions at the end of w in

ter．Several cases are reported and st udied each

w inter in C anada．P rofile rTleasurenlenls along a

line perpendicular to the crack indicate that frost

heave tend to be m axim um ．at short distance (ap—

proxim ately 300 rnm ) on both side of the crack

w hich is generally slight ly depressed．T he m eas

u red d iffere n ce in e le va tio n o f l h e cra ck a rea co n ]一

pared w it h the surrounding u ncracked pavem ent

su rface h as b een fo u n d to b e as m u ch as 90 m ill．

    R ecen t stu d ies co n d u cted at L ava l U n iv ersi—

ty[3’4J have show n Ihat ice segregation CaD OCCUr in

pavem ent granular layers (usually considered non—

frost susceptible) near cracks and that deicing salt

plays a m ajor role in t he process．It appears that

salt concentration gradient and the resulting gradi

ent in freezing t em perat ure can effectively replace

t he tem perature gradient in t he ice segregation

process in salt free frost susceptible soil．M oreo—

ver，it seem s that the saline gradient can contribute

to increase the frost susceptibility of granular Ilia

terials．Figure 2 is a schem atic illustration of the

ice en rich m en t p ro cess．

    z o tie s

Fig．2  Frost heaving in granular bases

    contam inated by deicing salt

2 ．3  F ro st h e a v e

    D uring w inter，frost penetrates in pavem ent

m aterials and su bg rad e soils．W h ile p rog ressing in

the pavem ent structtire，frost cause in terstitial w a—

ter to expand and can also cause segregal ion ice to

form  in the unbound granular m aterials．N otw ith—

standing the fact t hat these phenom ena are general—

ly considered insignificant

m aterials， t hey cause th e

in pavem ent granular

 m a terials to lo o sen ．
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 H eaving of pavem ent surfaces reaching lO～15 nlHi

 have been observed on experim ental test sites be

 fore the frost front reached the subgrade soil．

W hen t he frost front reaches frost susceptible sub—

grade soils，w ater is sucked tow ard 1he frozen

 fringe w here ice lenses are form ed．H eave of the

 paven]enI surface resulting from  these phenom ena

 can reach an d even exceed 150 Illnl fo r clim atic con—

ditions prevailing in C anada．

2．4 D ifferen tiaI frost action

    T he problem  w ith frost heave is m ainly due to

 the fact that the phenom enon is rarely uniform ．A s

 a result，pavem ent becom es distorted during w in—

ter causing increased roughness and crack ing of the

 pavem ent surface．D ifferential frost heaving can be

 attrib uted to four nlajor causes．T h e first cause，

described by P eterson and K rantz[…。is associated

 w ith the instability of the one—dim ensional freezing

 process． It w as found that the one dim ensional

 frost heave has the propensity to evolve into m uh i—

d im e n sio n a l d ifferen tial fro st h eav e a s a fu n ctio n o f

 soil properties and environm ental conditions．T he

 ot her causes of differential heaving are the variabil—

ity in the frost susceptibility characteristics of the

 subgrade soil (including m oisture availability)，the

 variability of the therm al regim e and the topogra—

phy of the surface and／or the geom etric character—

istics of an earth structure[…．

2．5  Seasonal and long term  roughn ess induced by

    d ifferen tia l fro st h ea ve

    S urface distortions have a significant im pact

 on t he service level of roadw ays．L ong w avelength

d isto rtion s in d u ce o scillation s o f th e veh icle．m ak

ing driving uncom fortable．Short w avelength dis—

tortions induce vibrations in the steering system

and increase the risk of accidents．In gen eral。sur—

face distortions increase the dynam ic forces acting

on t he m oving vehicle and reduce adh erence in

curves and braking situations．T hey also cause the

suspension to absorb energy increasing th us the fu—

el consum ption and vehicle m aintenance．F inally，

roug h surfaces am plify dynam ic loadin g of the

pavem ent increasing thus the associated pavem ent

d e l e r io r a t io n

    F igure 3

su m m er an d

sh o w s

Q uehee C it y (C anada

4 0 ln m  w as ad d e d to

raw  profiles m easured during

fo r a road test sectio n n ear

)．7I、he average frost heave of

the w inter profile to com pen—

sate th e ab sen ce o f a b s0 1u te elev a tio n referen ce fo r

the profile m easurem ents．T he w inter profile for

th e test section follow s a clo se resem b lan ce to th e

sum m er profile．H ow ever，it is characterized by a

succession of l 0 m  long hum ps．

C
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    D 1stance／m

F ig．3  Sum m er and w inter profiles on a road

    test section near Q uebec C ity

    R esearches recen tly co nducted at L aval U n i—

versity (C anada)[6] have show n that seasonal and

long一。t erm  developm ent of road roughness can be

 related to the variability of subgrade soil proper—

ties．

2．6  F rost heave cracking

    A s illustrated in figure 4，snow  accum ulation

 on the pavem ent sides affect the therm al regim e

and result in a greater frost penetration at the cen—

ter of the pavem ent than at the edge of the pave—

m ent．T he transverse differential heaving can be

assim ilated to a bending m om ent[7’83 im posed to

the pavem ent transverse sect ion． It is likely to

generate excessive tensile stresses and initiate lon—

gitudinal or m eandering cracks．R oad users are not

directly affected by the phenom ena but the resul—

ting cracks can be highly detrim ental to the struc—

tural perform ance of the pavem ent because they in

tercept runn ing surface w at er[…。

F ig．4  7I'ransverse differential heaving
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    I，ongitudinal cracking w ill Occur w hen tensile

 stresses induced in pavem ent by the bendin { action

(oF) exceed t he low  tem perat ure tensile strength of

the asphalt layer (盯R)．T he ratio 盯F／盯R is defined as

th e so licitatio n in d ex an d w ill b e u sed to rela te th e

m echanical action of transverse differential heaving

tO the deterioration of the pavem enl surface by Ion—

gitudinal cracking…j．

2．7  B earing cap acity loss during spring tha w

    D uring spring．thaw  penetrates into t}e pave—

m en t Stru ctu re an d relea ses th e w a ter accu】Tlu lated

in the interstitial and segregation ice．H ig h w ater

con ten tS com b in ed w ith low er d en sities are essen—

tially responsible for the w eakening of p{．vem ent

m aterials and subgrade soils．T he strength is then

progressively recovered as soils and m aterials con

solidate (drain) ove；tim e．

    M any authors consider spring thaw  as being

the m ost im portant dam age factor for pE【vem ent

su b jected to fro sl actionLll～1“ ．S everal stu d 。es Ilave

been conducted tO quantify the loss of bea：ing ca—

tors．on soil type．W hite and C oreeLll]haw 、．repor—

ted that 60％ of pavem ent failures during the

A A S H O  road test occurred during spring．M oreo—

ver，based on a fatigue criterion an d m easu rem en ts

 don e o n several test section s in Q u eb =c， S t—

L au ren t an d R oy[‘5。h ave estab lish ed th at the rela—

tive dam age caused by a given load during spring—

tim e is betw een 1，5 and 3 tim es higher than the av—

erage annual dam age．Figure 5 show s the im por—

tance of spring thaw  bearing capacity loss ir the ae—

cum ulation of fatigue dam age on an expe J。im ental

test road in Q ueb ec，C anada．

    F igure 6 ilh tstrates that frosl heave and thaw

con so lidation (as a fu n ctiOn o f tim e ) can b e d ivided

in four distinct phases．In figure 6 (bottom )，these

phases are illustrated in a density—m oisture space．

A ssum ing ini zial density and w ater content near
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  Q uebec M inistry of T ransportation]．T he squares on

  the figure correspond to the load restriction periods
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 st rengt h tends tow ard zero due to high pore pres—

sures prevailing at that location．If 1he am ount of

ice in tlle so tl elem en t an d if th e th aw  rate ten d to

 be low  w hile the drainage capacitY and 。as a re

 suit，the consolidation rate are high ，the effect of

the strenglh loss of the soil elem enl is going 10 be

 sh o rl an d lim ited to a sm all a rea． T h erefo re ，1h e

w eakening occurring at the thaw  front is going to

 have a lim ited effect on the bearing capacity of the

 soil layer．Increasing ice content and／or thaw  rate

com bined w ith decreasing drainage capacity w ill

ca u se th e th ick n ess o f t h e w eak en ed a rea a n d t h e

duralion of the w eakening to increase．T he effect

on the b earing capacity of th e layer can then be

 co n sid era b le．

    A fter pore pressures are dissipated in the

thaw ed soil，drainage of interstitial w ater w ill con—

tin ue un lil eq uilib rium  is reach ed b etw een th e flow

gradient and soil suction．D uring that phase (I))，

addittonal settlem ent is caused by increasing m at ric

s u c t 10 n ．

    7I、haw  w eakening is t hus a com plex process。

w h ich is essentially a function of th ree m ajor fac—

to r s ：

    (1 ) T he am ount of frosl heave occurring in

th e co n sid ered layer．

    (2) ’Fhe rate at w hich the layer is thaw ing．

    (3 ) T he rate at w h ich th e layer eon solidates．

7 ×l{)’

7 × 】0

7 × 10

7 × lU

7 × 10

D egree of Saturation／‰

F ig．7  Influence of the degree of saturation on the resilient

    m odulus of pavem ent granular m aterialsEl 6]

    Several authors h ave attem pted to characterize

sotl and m aterial m echanical behavior during the

thaw ing process．T he studies are based on labora—

t o ry resilien t m o d u lu s m easu rem en t o r field o b ser—

vat ions using deflection test ing．7I、he m odels devel u—

oped are generally based on em pirical relationships

 betw een m oistu re ton ien l an d resilien t m o d u lU SL”．

o r  b etw een  b ack calcu la te【1  elastic m o d u lu s  an d

 pavem ent condilion during spring thaw Ll“．

2．8 P red ictive too ls

    S everal m od els are availab le in the literature to

 help predict pavem ent response to solicitation hy

 load and clim ate．T hese m odels vary in com plexi～

tY，ranging from  sim ple slatistical m odels to conl一

plex lherm o—m echanical m odels．7Fable 1 gives a

 short sum m ary of som e com m only used m odels．

    P erform an ce pred iclio n rem ain s on e o f th e

 m ain challenges for pavem ent engineering in cold

 clim ates． L oad related d eterioratio n m od els can

 easily be adapted to seasonal frost conditions by in

tegrating dam age prediction over a full seasonal cy—

cle．，l、his type of approach allow s accounting for

increased bearing capacity during w inter and re

 duced bearing capacilY during spring in predicting

fatigue and perm anenl deform ation eaused by load

 rep elitio n． A  few  oth er m odels allow  for th e elll—

pirical prediction of pavem ent serviceability loss aS

 a fn n clion of facto rs related to seaso nal fro st co n d i—

tion s．R ecen t research w ork do n e at I。aval U n iver

 sity has led to the developm ent of m echanistic—em —

pirical m odels relating roughness developm ent and

non—。w heel path longitudinal cracking w ith differen——

tim  frost heaving[6’1…．

2．9 D esign considerations and approaches

    Several strategies can be used to im prove

pavem ent perform ance in frost conditions．  A s

show n in T able 2，these strategies nTtusI be adapted

as a function of t he m ain factor affecting pavem ent

deterioration (D ifferential frost heave or bearing

capacity loss during spring )． Several m itigation

techniques can be considered to adapt the pavem ent

struct ure or to neutralize t he problem ．

2．1 0 D esign procedures for pavem ents in frost COIl-

    d ition s

    T he state of praclice and know ledge in the

field of pavem ent design in frost conditions show s

th at th e d iscip lin e is still essen ttally based on em —
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T a b lt

Input param eters

l e m t)e r a t u r e

V olum e change

L o ad re la te d

·  Surface tem perature  (freej lng／thaw ing

  in d ex )

· M aterial ch aracteristics

- T herm al conductivity

· H eat capacity

· L aten t h eat

F ru st d ep th

T h aw  d ep th

· M odified B erggren

· N um erical solutio n s o f F o u rier s th erm al

  diffusion equation

· H eat b alan ce m o d els

· F H W A  integrated clim atic m odel

· H yd ra u lic co n d u ctiv ity
    · D arcy s 1aw

 H ydraulic gradients    · Frozen and unfrozen
    · W ater po ten tial m od el

S egregation potential    w ater content
    · R ich ard s m o d e[

M o istu re—su ctio n ch aracteristic Im rve    · P o re p ressu re
    · F H W A  in teg rated clim atic m o d el

S b n《．h aracteristics
    ＼ 、

‘  l e m p e ra tu re reg lm e

· M o istu re regim e
    · C o upled heat and nlass transfer m odels

。F7。5‘5“5。。ptibility(3。g‘。98ti。“p。t。“一  ‘F。。3t h。8”。  ．Segregation potential model
  tial)    · T haw  settlem en t

    · S S R  m o d eI (F in Ian d )
· C o n so lid a tio n co efficien t

· O v erb u rd en p ressu re

· L o ad characteristics

· L ayet th ick n ess    · T en sile strain s at th e b o tto m  o f

·  M aterial ch aracteristics ( raod ulu s an d the asph alt con crete    · O d erm ark B oussinesq

  P o iso n ratio )    · C om p ressive strain s  · B u rm in ster

· Season al variatio ns of m aterial character—    o n subg rad e soil

  istics

T able 2  Sum m ary of m itigation techniques for cold region problem s on pavem ents

D eterioration factor T ype of interx ention

D ifferential heaving

M itigation tech niques

A daptation of pavem ent structure
Increase pavem ent thickness (sub—base)

Increase cracking resistance of asphalt concrete

D rainage

P avem en t in su latio n

P roblem  neutre lization    Subgrade soil hom ogenization

Bearing capacity loss

R em ove and replace frost susceptible subgrade soil
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catOr reaches an acceptable value．7Fhese m ethodS    consideration the seasonal varialion of the bearing

are inlcresting since they allow  m odifying certain  capacity of subgrade soils．A  sim ilar approach ca rl

design param eters as a function of the 、’alue of the    be used to com pute increm ental dam age caused by

in dicalor．T hreshold values are how ever based on traffic to pavem ent struel tire as a function of sea

local experience，conferring lbus to these approa。  sonal variations in soil and m aterial characteristics．

ch es a strong em pirical conno tation．It is besides    S everal authors have described m echanistic—em piri—

presum ed that the 1hreshold value is an optim al val    cal design procedure to analyze pavem ent dam age

u．e below  w hich the road w ill have a poor perform ance    in season al frost cond ition s L 2…．’Fhese m etllods are

and beyond w hich the pavem ent w ill be over designed．    yet incom plete since they do not allow  taking into

M oreover，these approaches do not so allow  establis    consideration dam ages caused by frost heave．

hing t he consequences，in ternl of gain or losses of per    R ecent developm ent s in Finland 。：2。and at l he

form ance．of not m eeting the threshold．    C old R egion R esearch and E ngineering I。aborat ory

    T he A A S H ～I O  f ee2 and the O ntario (O PA C )    (C R R E L ) [”。as w ell as concepts proposed by olh—

m ethods include procedures allow ing for the deter—  er aulhors[23～撕。suggest the use of perform ance—

m inat ion of a serviceability loss associated specific——    based criteria for pavem ent design in frost condi——

ally w ith frost action．T he principle of these ap— tions．N one of the proposed approaches allow  how —

proaches is very in teresting ah houg h they use COll]一    ever to calculate a life expectancy and to quantify a

posite perform ance indices (P S I or R C I) as de    service offered to the users according to criteria

Drndent variables．7l'hese variables are good indica    specific to frost action．7I’herefore，they do not so

tots of the global qualitY of the road but，because  allow  for a real optim ization of the stn leturat char

they integrate several deterioration m odes，they do  acteristics of the pavem ent in a seasonal frost COll．

not allow  for the establishm ent relationship be— text．1)or6 and R iouxLl 8j have recently proposed a

tw een pavem ent distresses and specific design pa— pavem ent m echanistic em pirical design m odel that

ram eI ers． tak es in to con sid eratio n frost h eav e as w ell as sea

    T he A A S H  7I'O  m ethod also in cludes a proce    sonal dam age caused by 1 raffic．A s i11ustrated in

dure to integrate pavem ent dam age caused by traf    F igure 8，the m odel includes m echanistic proce—

fie on a bi w eekly or a m ont hly basis．T his proce dures to assess differential frost heave coupled w it h

(1ure consth utes a rationale approach to take into    related perform ance m odels．

F ig．8  C onceptual outline of the proposed frost design procedure

    for pavem ents subjected to seasonal frost：．1 s2
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    F rost action is a m ajor cause of pavem ent deterio—

ration in seasonal frost areas．T he m ain problem s af—

fecting pavem ents are therm al cracking of asphah con

 cretes，differential heave and bearing capacity loss dur—

ing spring thaw ．Several predictive tools are available

to assess the therm o-m echanical response and perform —

ance of pavem ents subjected to solicitation by clim ate

 an d fraffic． R esearch is h ow ever still need ecI to im —

prove pavem ent perform ance in cold clim ates．Future

 research should focus on the developm ent of perform —

ance prediction m odels specific to frost action，m aterial

 characterization w ith respect to their behavior during

freezing and thaw ing and pavem ent design tools allo—

w ing for the optim ization of pavem ent structu res sub—

jected to freeze thaw  cycles．T he developm ent of cost

 effective m itigation techniques for m ost problem s relat—

ed to frost actio n is also req u ired．

R eferen ees：

[1]

E2]

[3]

[4]

Es]

[6]

[73

[8]

[9]

V inson T ，H icks G ，Janoo V ．L ow  tem perature cracking and

rutting in asphalt concrete pavem ents[a ]．R oads aad airfields

in cold regions[A ]．A SC E T echnical council on ,：old region

engineering M onograph ，1996．203—248．

H ills JF ，B rien D ．T he fracture of bitum en and A  sphalt M i—

xes by T em peratue Induces Stresses [J ]． Proceedings of

A A P T ，19 66 ，35 ：200— 205．

D or6 G ．  D ∈t∈rioration des chauss6es en conditior s de gel ；

une nouvelle approche prfvisionnelle[D ]．Q u6bec，C anada：

T h ese d e d o cto rat，F acu h 6 d es etu d es su perieu res，U n iversit6

I，aval (in fren ch ) ，1997．

D ore G ，K onrad JM ，R oy M ．T he R ole of D eicing Salt in

P avem ent D eterioration b y F rost A ctio n[R ]．T R R  N o．1596 ，

1 9 9 8．7 0 — 75．

P eterso n R A 。K ran tz W B ．A  L in ear S tability A n al7sis fo r th e

Inception of D ifferential Frost H eave[A ]．P roceedings of the

7th International C onference on P erm afrost[C ]．Y ellow knife，

N ．W ．T ．，C an ada ，19 98．

D ore G ，F lam and M ，T ig he S．P rediction of w in tm  roughness

based on the analysis of subgrade soil variability[R L T R R  N o

1 7 5 5 ，20 0 1．90 — 9 6．

N orda l R  S ，R efsdal G ．F rost P rotection in D esig 1 and C on—

struction[A ]．F rost in G eotechnical E ngineering，I／01．1[c ]．

V T T  S ym posium  94 ．1994．127  1 63．

Scher R  L．E nviro nm entaI induced longitudinal =racking in

cold region pavem ents[A ]．P roceedings of the 8th Interna～

tional C onference on C old R egion E ngineering (A SC E ) [C ]．

F airb an k s．A la sk a ．199 6．8 99 — 9 1 1．

S t— L a u reD t D ，R o y M ． 6va luatio n structu ra Je d一2s cha u sses

souples dans un contexte clim atique nordique：une etude avec

[10]

[11]

[12]

[1 3]

[14]

[1 5]

[16]

[17]

[18]

[19]

[20 ]

le FW D [A _]．P roceeding of the 30。annual conference of

A Q T R [C ]．H ull，Q uebec，1 995．

D ore G ．，K onrad J．M ．，R oy M ．A  d eterioraIion m odel for

pa vem en t in fro st con ditio n s[R ]．T R R ．N o．1 655 ，】999．1 1 0

— 1 1 7．

W h ite T D ，C ore= B J．T resho ld P avem en t T h ick ness to S u r

vive Spring T haw [A ]．Proceedings of the T hird International

C onference on B earing C apacity of R oads and A irfields[C ]．

T hrondeim ，N orw ay，1990．41—51．

B erg R L．P avem ent design for frost conditions—current and

future m ethods [A ]．Fourth A nnual A irport E ngineering／

M anagem ent C onference [ C ] FA A ，G reat lakes R egion，

19 8 8．

o C D E ．V ehicules 10urds．clim at et degradation des chaussees

[R ]．P aris，1988．

Janoo V C ，Berg R L．T haw  W eakening in Seasonal F rost A re4

as[R ] T R R  N o．124 6 。1990．21 7—233．

Saint—Laurent D ，R oy M ，Bergeron G ．V ariations saisonni& es

de la portanee des ehaussees souples：une etude avec le FW l]rJ]．

R outes et T ransports ，1996，26 ( 3) ：28—40．

B erg R ，g igl S，Stark J，and D urell G ．R esilient M odulus

T esting of M aterials from  M n／Road，Phase 1 E R ]，CR EE L，

Special R eport 96～1 6，1 996．1—94．

D ysli M ．L e gel et son action sur les sols et les fondations

[M ]．Lausanne：Presses P olytechnlques et U niversitaires R e～

m an d e s，19 9 1． 25 0．

D ore G ，R ioux N ．D eveloppem ent d’une m ethodologie ratio～

nnelle de conception des chaussees au gel[A ]．E xpose des

com m unications d n 29。congres ann uel d e 1 ’A ssociation

Q uebecoise des R outes et T ransports (A Q T R )，T om e 1，

[c ]．Salaberry de V alleyfield，Q uebec，1994．224 237．

D ore G ，R ioux N ．D evelopm ent of a rational design proced ure

for pavem ents subjected to frost action [A ]．Proceedings of

the 9“ international conference on asphalt pavem ents[C ]．Co～

penhag en ，2002．

A A S H T O ． A A SH T O  G uide for the D esign o f P avem ent

S tructu res[ A ]．1986．

[21-] Brom s H ．Current N ordic practices in pavem ent design，U ni—

    versity of O ulu，Publications of road and transport laborato一

[223

[23]

【24]

[25]

ry，N o．22：Bitum inous pavem ents：m aterials design and eval—

uation[A ]．1993．13—25．

Saarelainen S．R outakest vyysm allien arviointi (evaluation de

m odeles po ur le conception de chaussees resistan tes au g el)

[A ]．V T T ，V．1iraporti nro E6，Projekti E312[c]．Espoo，

H elm ik nu ．1996．

H e Z ，K ennepohl G ，H aas R ，el a1．0 P A C  2000 ：A  N ew

Pavem ent D esign System [A ]．P roceedings of the A nnual

C onference of the T ransp。rtation A ssociation of C anada rC ]

C h arlo tteto w n ，P n nce——E doua rd ——Islan d ，】996．

Jam sa H ，O ram a R ．T he m easurem ent of seasonal subgrade

properties under existing pavem ents and the Finnish pa、7CHiChi

design m ethod[A ]．T R B I’reprint N o．89061 9I C ]．W ashing—

to n D ．C ．，1990．、

L i N ，H aas R ．D esign and construction for asphalt pavem ents

in perm afrost areas：C ase study of Q inghai—T ibet highw ay

[A ]．P roceedings of the E ighth International C onference on

Cold R egions Engineering (A SC E ) [C ]．Fairbanks，A laska，
1 9 9 6 ． 8 6 6 — 8 7 7 ．


