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ABSTRACT: In the Netherlands blast furnace slagg§Bare used on a wide scale in road

bases for many decades. An example is a 10 kmdwatch of the motorway A32, built in the

years 1986-1988. Some 10 years after construdtiefiinst transversal heaves occurred at the

pavement surface. Since then the number of heaassdnsiderably increased and the heaves

keep on growing in height.

In 2007 research was carried out into the BFS ba#d®e A32. This research included, a.o.:

1. Inventory of the number, length and height of tams$versal heaves;

2. Materials research on bound BFS, obtained by tagimgs out of the pavement;

3. Development of a mechanical model which descrides Ihirth and growth of the
transversal heaves.
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1 INTRODUCTION

In the Netherlands blast furnace slags (BFS) aed o a wide scale in road bases for many
decades, e.g. on a 9.3 km long stretch (km 29mt&9.0) of the motorway A32, built in the
years 1986-1988. With the aim to obtain a higHrstdgs of the base (and thus to save on the
required asphalt thickness) the BFS contained 5-i%hass granulated blast furnace sand.

Some 10 years after construction the first trarsaleheaves occurred at the pavement
surface. Since then the number of heaves has @vabig increased and the heaves keep on
growing in height. The heaves not only have a negaffect on the driving comfort and the
traffic noise but also may effect the traffic sgfet.g. if trucks loose (part of) their payload.

In 2007 an extensive research was carried outthtoBFS base of the A32 motorway
stretch, especially on the western carriageway detvkm 32.3 and km 33.5. This research,
done in commission of and in cooperation with tregi@nal Service Noord-Nederland and
the Centre for Transport and Navigation of the Dutinistry of Transport, Public Works and
Water Management, is summarised in this paper.

2 PAVEMENT STRUCTURE MOTORWAY A32

The motorway A32 was constructed in the years 1@88988. The pavement structure
consists of 200 mm asphalt concrete layers, 200BRf& base and a sand sub-base (variable
thickness) on the natural clay subgrade.

Prior and during construction a number of testeehasen done on the BFS base material.



These tests included the grading, resistance t& almal iron (both were 0.k.), crushing factor
(0.k.) and hydraulic activity (measured as increa$eCBR-value). After 7 days the
CBR-value was 1.6 to 2.3 times higher than aftela@s, after 28 days the CBR-value was
about 4 times higher than after 0 days. The ap@ie8 material was very strongly hydraulic.

3 PATTERN OF HEAVES

For this research ARAN measurements (ARAN = Aut@daRoad ANalyser) were
performed on the motorway A32 on 24 April 2007. ékfta first visual analysis of the
measurement results the sections from km 32.3.®&3d the one from km 37.0 to 39.0 were
appointed as potential locations for FWD measuresnand coring to be done later.

From the ARAN measurements an inventory was madheofocation, height and length
of the heaves. The average spacing between thefeavies per traffic lane and per road
section from 40 to 100 m. On some places clustereaves were present where the spacing
was only 5 to 20 m. The height of the heaves vdraa 3 to 27 mm, and their length was 1
to 6 m. The growth rate (increase of the heighthefheaves was on average about 1 mm per
year but varied from 0 to 4 mm per year. The lazatind height of the heaves on the western
carriageway of the section from km 32.3 to km 38.§iven in Figure 1.

Based on the analysis of the ARAN measurementtgedinlally 2 short road sections have
been selected for FWD measurements and coring. &mttions concern the right traffic lane
of the western carriageway. Th& dection is from km 33.159 to km 33.271 and comst&@n
‘average’ transversal heaves with spacing of a#oumn. The ¥ section, from km 32.597 to
km 32.665, contains a very large and a very smalistversal heave with a spacing of 15 m.

For the analysis of the FWD measurement data,eeéeris made to (Houben, 2008).

A32, western carriageway, right traffic lane,
km 32.3 - km 33.5, 24-4-2007
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Figure 1: Location and height of the transversaMes on the right traffic lane of the western
carriageway of the A32 between km 32.3 and km 88.24 April 2007.

4 MATERIALS RESEARCH

The materials research was done on BFS materiainalol at 23 May 2007 through 29 cores
taken from the right traffic lane of the westernrizageway. 17 cores were taken in thé 1
section, 12 cores in thd%section. One core was taken in the centre of ethe 5 heaves,
other cores were taken at short distances of theeheentre and midway some heaves.

All the data in this chapter is valid for the BF&b material which has an age of 20 years.
In every core the grading of the BFS material (Hoyt2008) was coarser than the grading of
the original material, applied in the 1980s, salbig of the BFS had occurred in all cases.

The dry density of the bound BFS base materiahefA32 was on average 2029 kd/m
with a very small coefficient of variation of 2.3%.



The materials research concentrated on the boui®l B&terial as this condition is held
responsible for the occurrence of transversal leavarough sawing 15 specimens were
obtained from the 29 cores. The low specimens hmen used to measure the dynamic
modulus of elasticity and the indirect tensile sty and the high specimens to measure the
coefficient of linear thermal expansion and the possive strength. The test results are:

- coefficient of linear thermal expansion: 6.8t 8.8*10° °C*, on average 8*10°C™;
- dynamic modulus of elasticity: 800 to 12,500 MPaawverage about 4,000 MPa,;

- indirect tensile strength: 0.4 to 0.7 MPa, on agera.52 MPa,;

- compressive strength: 2.0 to 3.8 MPa, on averag®Pa.

In the failure tests the bound BFS material exaibibrittle behaviour.

5 MECHANICAL MODEL FOR BIRTH AND GROWTH OF TRANSVERAL HEAVES
5.1 Introduction

A mechanical model has been developed which en#tesnalysis of the birth and growth of
transversal heaves in (asphalt) pavements withdaahjic BFS base. It is assumed that the
binding of the hydraulic BFS leads to obstructedpamsion resulting in increasing
longitudinal compressive stresses in the base birding of the BFS also leads to (relatively
small) temperature effects and an increasing cosspre strength of the road base.
Transversal heaves (i.e. crushing of the bound B&& material over a certain length)
occur when the compressive stress exceeds the eesiyg strength, present at that moment.
Through the heaves a certain amount of stressatdgxoccurs in the still bound material in
between the crushed zones. The chemical procedsthantemperature effects, of the still
bound base however proceed, and at a certain mameentransversal heaves occur midway
the existing heaves. This mechanism may repedt &seumber of times and in the extreme
case this leads, on the (very) long term, to cotepteushing of the whole bound BFS base.

5.2 Temperature of the road base

In the Netherlands the mean temperature of the Imsestimated as 15°C, and that
temperature is present around May 1 and Novemb&héd.yearly temperature amplitude is
about 10°C. In a year the development of the bareg@érature is about a sine. If the road base
is constructed,tmonths after May 1, then the temperaturaflthe time of construction is:

T, =15+ AT,Osin(3@t, | (°C) (1)

where: AT; = temperature amplitude (°C) of the base, takekilass 10°C
t; = time of construction of the base (in monthsmrflay 1), with 0< ;< 11

The temperature;lof the road base at any time t is equal to:

Construction at February 1: T, =15+ AT, Osin(30Jt— 90 (°C) (2a)
Construction at May 1: T, =15+ AT, Osin(30t ) (°C) (2b)
Construction at August 1: T, =15+ AT, Osin(30Jt+ 90 (°C) (2c)
Construction at November 1: T, =15+AT, Osin(30Jt+ 180 (°C) (2d)

where: t = time (in months after the time of constion of the base), so the age of the base



The differenceAT, between the temperature of the base at time trentemperature during
construction is equal to:

AT,=T,-T,  (°C) 3)
5.3 Time-dependent behaviour of blast furnace slegd base
Models to describe the time-dependent mechanida\beur of hydraulic BFS bases are not

known. Therefore, as far as available, the modelsnilas) for concrete are used (Eurocode
2, 2005). The relevant applied formulas for therttbBFS base are given hereafter.

Compressive strength: o, =e Mg, (MPa) (4)

where: s = parameter, for which the value s = 0.25 is ugaddcode 2, 2005)
t = age of the base (months)
G20y = COMpressive strength after 20 years

Modulus of elasticity: E =BUo.' UE,, (MPa) (5)
where: y = parameter, for which the valye= 0.3 is used (Eurocode 2, 2005)

Ezoy = modulus of elasticity after 20 years

B = parameter; its value follows from the boundeopdition:* ooy = 1

For the coefficient of linear thermal expansioradfound BFS base it was assumed:

Coefficient of thermal expansiona = E Oty (°CYH (6)
20y

where: aygy = coefficient of linear thermal expansion aftery2@rs %)
The thermal deformation (strain) of the bound BRSebis then equal to:
Thermal strain: €, =a AT, (m/m) (7)

The chemical deformation (expansive strain) ofttbend BFS base was assumed as:

~di/t

Chemical strain: €n,=1-e (m/m) (8)

where: d = parameter

The total obstructed deformation (stragrgf the bound BFS base is equal to:

Total strain: E=¢g; +E,, (m/m) 9
The stress in the bound BFS base due to the obstrdeformations is equal to:

Compressive stress: o=E[k (MPa) (10)



This occurring stress is not corrected for stretaxation as no information at all is available

The value of the parameters in some of these fasnid determined on the basis of the
performed materials research on the bound BFS tvaderial (Table 1). The value of the
remaining relevant parameters is determined by eoimg, assuming average mechanical
properties of the road base material and constnuaif the base (20 years ago) at average
temperature (at May 1), the calculation resultshef model with the heave pattern (spacing
between the heaves and height of the heaves) asumdain 2007 (see chapter 3). So the
model was calibrated based on materials researtinasitu ARAN measurements on A32.

Table 1: Mechanical properties of the bound BFShased in the analysis of the birth and
growth of transversal heaves.

Magnitude mechanical property
low average high
Tensile strength after 20 yeaeso, (MPa) 0.4 0.5 0.6
Compressive strength after 20 ja@poy (MPa) 2 3 4.5
Modulus of elasticity after 20 yearszE(MPa) 2000 4000 7000

Coefficient of linear thermal expansion after 2Guge| 7*10° 8*10° 9*10°
az0y (°C™)
Parameter d of chemical deformation (eq. 8) 50*10 58*10° | 70*10°

5.4 Mechanical model

The developed mechanical model that describesittieamnd growth of the transversal heaves
in a (asphalt) pavement with a hydraulic BFS basbasically the same as the model that
describes the phenomenon of (horizontal) bucklinigmg welded railway tracks at very high
temperatures. But in the case of the hydraulic B&Se the mode of failure is, at a certain
moment, local crushing of the base material ovegréain length.

In this paragraph the failure process of the hylirgbound) BFS base is described up to
the birth of the first series of transversal heafthe primary/secondary heaves). For the
mechanics of following series of heaves refereagaade to (Houben, 2008).

The spacing between the primary heaves is detedhijehe so called ‘breathing length’
(Figure 2). This is the part of a very long struetthat undergoes horizontal displacements in
case of temperature changes (or another variafiieencing factor). This phenomenon also
occurs on long welded rails.
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Figure 2: Compressive stresses in bound BFS bake &itne of the primary heaves.

The breathing length . at the primary heaves follows from the equation:



L, =10000— (m) (11)

where: E = modulus of elasticity (MPa) of bound B#&Se at time of primary heaves (eq. 5)
€ = maximum total obstructed deformation (compresstrain) of the BFS base at
time of primary heaves (eq. 9)
y = volume weight of bound BFS base; takery as20 kN/n¥ (see chapter 4)
f = coefficient of friction of the bound BFS baséwthe surrounding layers

The distance 44 between 2 primary heaves is equal to 2 times ttbatbing length:
L,=20L, (m) (12)

Because of the length,L of the crushed zone, taken ag E 3.5 m (see chapter 3), a
reductionAc; of the maximum compressive stress (between 2 pyilm@aves) occurs that is
equal to:

Ao, = 0.55%50 (MPa) (13)

al
where: ¢ = maximum compressive stress in BFS base at tfrperaary heaves (eq. 10)
After the occurrence of the primary heaves the marin compressive stresgin the bound
BFS base (midway between 2 subsequent primary beduether increases due to the
ongoing chemical process (and the temperaturetptiecording to (see also Figure 3):

0, =0-A0, (MPa) (14)

where: Ao = reduction of the max. compressive stress at tifrigimary heaves (eq. 13)
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Figure 3: Build-up of compressive stresses in thenbl BFS base between the primary and
the secondary heaves.

The maximum compressive strain in the base, acogtdi Hooke's law, is equal to:

)

g = El (m/m) (15)

The shrinkage of the crushed zoné ;) after the primary heaves is equal to:



2
AL, = 1000D% - AL, (at time of primary heaves) (m) )16
Y

where:g; = maximum total obstructed compressive strainafral BFS base (eq. 15)

It is assumed that the asphalt layer is pushed upwt every primary heave due to the
shrinkage of the crushed zone in the period afterdccurrence of the primary heaves. It
appeared from the ARAN measurements on the motoA@2ythat the shape of the heaves is
triangular to sinusoidal. Assuming that the voluofighe crushed zone does not change, for
both shapes of the heave it follows for the helghof these primary heaves (Figure 4):

o AL,
h, =2 Dm Oh, (mm) (17)

where: L1 =length (m) of the crushed zone at the primagJes; taken as,L.= 3.5 m
AL, = shrinkage (m) of the crushed zone at the prirhegves (eq. 16)
h: = thickness (mm) of the BFS base; taken;as200 mm (see chapter 2)
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Figure 4: Schematized growth of the primary heaves.

At the time of the primary heaves the reductian of the maximum compressive stress (eq.
13) is small Ac; = 0.1 MPa). Therefore the maximum compressive strgissthe bound BFS
base (eq. 14) reaches again the compressive stren(stq. 4) soon after the primary heaves.
This leads to new crushed zones (secondary heandgjy the primary heaves (Figure 5).

The breathing lengthat the secondary heaves is equal to:
L,=0.50L,-0.25]L,- 0.251L, (m) (18)

where: ly; = breathing length (m) at the primary heaves 149.
L2 = length (m) of crushed zone at the secondarydeaaken as\k = 3.5 m

The distance 4 between a primary and a secondary heave is halflistance between 2
primary heaves:

L, =050, (m) (19)

Because of the length,, of the crushed zone of the secondary heave, aheie is a
reductionAc; of the maximum compressive stress (midway 2 pynigaves) in the intact,
bound part of the base. In this case the stresgtied is equal to:
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Figure 5: Compressive stresses in bound BFS bdsaeabf secondary heaves.

Ao, =0.500, D(1+%) (MPa) (20)

a2
where: 61 = max. compressive stress in bound BFS base atdireecondary heaves (eq. 14)

Because of the small reductiaw; of the maximum compressive stress in the intamtnh
part of the base (eq. 13) the secondary heaves aeey shortly afterwards the primary
heaves (in the calculations, presented in paragbaphfor average mechanical properties of
the bound BFS base and construction of the bas#agtl: 1 month later). Therefore it is
assumed that the primary and secondary heaves atcthg same time, i.e. at the time that the
compressive stress(eq. 10) for the first time is equal to the congsiee strengtls. (eq. 4).

In this case the following equations are validtfur breathing lengthak, the spacing 42
between the heaves (so between a primary heavéharatijacent secondary heave) and the
reductionAci, of the maximum compressive stress midway betwebra¥es in the intact,
bound part of the base:

ECe

L., =10000—— (m) (21)
yOf

Laz = Las (m) (22)

Ao,, =0.5000 D(1+%) (MPa) (23)

al2
where: l,12 = length (m) of crushed zone at primary/seconth@gves; taken asda= 3.5 m

For the spacing between the heaves on the motoAB2/ 20 years after construction,
average values between 40 m and 100 m have berd {eee chapter 3). It will appear later
from the analysis with the model that 20 yearsraftenstruction of the BFS base only
primary and secondary heaves are present. Thengphetween these heaves is equalsie L

(eq. 21 and 22), so the spacing between the hésgesater when the coefficient of friction f



is smaller. Realistic values foki; are obtained if the coefficient of friction f ime21 has a
quite large value. For the occurrence of the pryisgicondary heaves f = 2 has been applied.

In itself it is quite logical that until the momeaoitthe occurrence of the primary/secondary
heaves a quite large value has to be taken fdriti®mn between the bound BFS base and the
surrounding pavement layers. This is explainedheyprobably quite good bond between the
base and the asphalt and by the fact that, ustibtiturrence of the primary/secondary heaves,
the base and the asphalt do not move with respesdh other (in horizontal direction).

It appeared from the calculations with the modebé¢opresented later that, especially in
case of high mechanical properties of the bound B&S, further series of heaves (tertiary,
quartary and cinquary heaves) occur within the iciemed period of 50 years (600 months).
As the mathematical formulations for the birth agrdwth of these series of heaves are
similar as for the primary/secondary heaves, thieynat given here.

The mechanical model is calibrated for the casearage mechanical properties of the
bound BFS base of the motorway A32 and construatfdhe base, 20 years ago, at May 1 i.e.
at the average temperature of 15°C. The calibraisnlt was that both the calculated number
of heaves (i.e. the spacing between the heaves)hangrowth of the heaves is equal to the
average measured values thereof on the motorway A32

5.5 Calculation results for different mechanicabgmrties and times of construction of the
BFS base

Calculations with the mechanical model have beeneddor a period of 50 years (600
months), for 12 combinations of mechanical properof the BFS base (low, average, high)
and time of construction of the base (February &yM, August 1, November 1, when the
temperature during construction is minimum, averagaximum and average, respectively).
The mechanical model yields the time of occurreoicéhe subsequent series of transversal
heaves, the spacing between the heaves and théhgrball heaves as a function of time.

Figure 6 gives an overview of the times of birthtioé subsequent series of transversal
heaves and the spacing between adjacent heavé®fd2 combinations. The time of birth of
the first series of primary/secondary heaves i8 alsible in Figure 7 that shows primarily for
the 12 combinations the growth of these heaves.upiper 4 lines in Figure 7 apply to high
mechanical properties of the bound BFS base, timrate4 lines are valid for average
mechanical properties and the 4 lines in the lavgdt corner for low mechanical properties.

In the case of average and high mechanical preseofithe BFS base, after the first series
of primary/secondary heaves other series of hegneas that can be deducted from Figure 7.

The combination of average mechanical propertiestr®f bound BFS base and
construction of the base at May 1 agrees best th@éhpattern of heaves as observed on the
motorway A32. This is logical as the mechanical eladas calibrated for this combination.

The most important findings from the calculationtwhe developed mechanical model are:
1. the process of birth and growth of transversal Beawm hydraulic BFS bases is a long
lasting process (many decades) and finally reguit®mplete destruction of the base;

2. with respect to the birth and growth of the tramsakheaves, the mechanical properties
of the BFS base (caused by the hydraulicity (bigdinf the slags) are dominant
compared to the temperature effects in the bousd;ba

3. high mechanical properties of the bound BFS bas# anow temperature during
construction are not favourable; the stiffer theeband the lower the temperature during
construction, the earlier the transversal heavesrpthe more heaves occur and the faster
the heaves grow in height;



A32,western carriageway, right traffic lanes; distance between
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Figure 6: Overview of calculated times of birthsofbbsequent series of transversal heaves and
the spacing between adjacent heaves.

A32, western carriageway, right traffic lane; height of first series
heaves
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Figure 7: Overview of calculated (growth of the)dhe of first series of transversal heaves.

The practical consequence is that, in order tat lihe birth and growth of transversal heaves,
the BFS base material should be only lightly hyticaand preferably constructed in the
summer period.
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