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Abstract

This study presents a detailed analysis of the lateral forces generated as a result of vertically applied loads to recycled
plastic drainage kerbs. These kerbs are a relatively new addition to road infrastructure projects. When concrete is used to
form road drainage kerbs, its deformation is minimum when stressed under heavy axle loads. Although recycled plastic
kerbs are more environmentally friendly as a construction product, they are less sti than concrete and tend to deform
more under loading leading to a bursting type, lateral force being applied to the haunch materials, the magnitude of
which is unknown. A method is proposed for establishing the distribution of these lateral forces resulting from-defor
mation under laboratory test conditions. A load of 400 kN is applied onto a total of six typical kerbs in the laboratory in
accordance with the test standard. The drainage kerbs are surrounded with 150 mm of concrete to the front and rear
haunch and underneath as is normal during installation. The lateral forces exerted on the concrete surround as a result
of deformation of the plastic kerbs are determined via a strain measuring device. Analysis of the test data allows the
magnitude of the lateral forces to the surrounding media to be determined and, thereby, ensuring the haunch materi-
als are not over-stressed as a result. The proposed test methodology and subsequent analysis allows for an important
laboratory-based assessment of any typical recycled plastic drainage kerbs to be conducted to ensure they are t-for-
purpose in the eld.

KeywordsRecycled plastic drainage kerbs - D400 load - Pavement - Haunch - Asphalt

1 Introduction There are di erent types of drainage kerbs on the mar
ket, the majority being concrete based but with additives
Combined kerb and drainage systems form an integral included to enhance performance. Others are made from
part of many infrastructure projects with the dual pur recycled plastic which are lighter than concrete, therefore,
pose of water removal and delineation, for example pro mitigate the risks associated with heavy lifting to the con-
viding the circumference of a roundabout or edging for struction workers [1.
a footpath. Their location very much in uences the level It is well known that plastic contamination has become
of impact they are subjected to, for example, they can be a major issue in recent years hence there has been a drive
used for highly tra cked applications such as major and to reuse this waste material in di erent ways. For exam-
minor highways or lower tra ¢ densities such as car parks ple, there has been a surge in research in recent years into
and landscaping. Applications near industrial parks are the use of waste plastic as a constituent in construction-
particularly vulnerable since heavy goods vehicles oper related materials. In addition to recycled plastic drain-
ate in the vicinity and impact forces can be much greater. age kerbs, development of paving blocks has received
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considerable attention [26] as have other concrete based Following the Introduction given in this section, the sig-
materials [~10]. Waste plastic has also been used as ani cance of the research is presented in Se2t.Informa-
replacement for cement [11], coarse [1P3] and ne [14, tion on the selection of the specimens and their prepara-
15] aggregates in concrete and for developing a plastic tion for testing is given in Sec®. The loading arrangement
type binder in mortar L6]. Bricks containing waste plastic for the test specimen is given in Sedtfollowed by the test
have also been developed [118]. However, the quantity results in Sects. Detailed analysis of the test data is given
of waste plastic used in these developments will vary asin Sect6 and includes an estimation of the lateral burst
the plastic is added primarily as a constituent. The recy ing forces and resulting stress in the concrete surround. A
cled plastic drainage kerb has a high waste plastic content,discussion of the results is given in Secfollowed by the
therefore, will help alleviate the waste plastic problem that main conclusions from the research in Se8t.The paper
currently exists. Further information on the recycled plastic is completed with acknowledgements, con ict of interest
drainage kerbs is given in Se@&. statement and references.

Although they are designed to provide the same water
management solution as concrete kerbs, their method of
installation di ers in that they need protection in the form 2 Research signi cance
of a U-shaped cradle-like concrete surround to the front
and rear haunch and bed under the kerbdn instances In comparison with concrete, recycled drainage plastic
where fast moving tra c is present, kerbs are required to kerbs are a relatively new addition to road infrastructure
be able to withstand vertically applied test loads of 400 projects. It is well known that concrete is a sti material
kN under laboratory conditions (Class D400 [19]). Furtherand when used to form road drainage kerbs, its deforma-
support is then provided via the road construction at the tion is minimum when stressed under heavy axle loads.
front of the kerb or landscaped area/footpath if present However, when loaded horizontally as in the case of wheel
behind the rear haunch. impact, the concrete drainage kerb may suffer impact

Since recycled plastic kerbs are less-sti er than con-damage if the force is large enough or displacement
crete, they tend to deform more under loading leading to depending on its level of embedded support. However,
a bursting type, lateral force being applied to the haunch in terms of testing all kerbs to ensure they meet the speci-
materials. The purpose of this paper is to develop a{pro cation for strength [19], a vertical load only of 400 kN is
posal for predicting the in uence of the lateral forces on applied perpendicular to the surface of the test unit and
the haunch materials as a result of deformation under through the geometric centre of the test unit (horizontal
load. A load of 400 kN, as required by the test standard [19]oads are not applied). The load is uniformly distributed
was applied onto six recycled plastic drainage kerbs acrosver the whole surface of the test specimen.
two sizes in the laboratory and the lateral forces exerted However, recycled plastic is not as stiff as concrete,
as a result of deformation was measured on a strainand although it can o er better impact resistance and is
measuring system. This load also aligns with Load modellighter for handling purposes, the kerbs can be prone to
2 (Clause 4.38National Annex 2.15) from the relevant more deformation compared to concrete drainage kerbs
bridge design standard (BS EN 1920]). The laboratory under load. This means that the plastic drainage kerbs
results are related to the tensile strength of the concrete will have a tendency to exert force in the lateral direction
surround and pavement design characteristics as given indue to deformation. The magnitude of this lateral force
the Design Manual for Road and Bridges, DMRB 26/06 [21} unknown meaning it is not clear how much force is
regarding the depth of road construction materials (e.g. exerted into the haunch materials in front or behind the
depth of asphalt road surface). Although the loading tests drainage kerbs. The research presented in this paper is
were conducted on recycled plastic drainage kerbs from novel in that no other information exists on the magni-
one manufacturer, the main aim was to develop and prove tude of these typical bursting forces. An indication of the
the concept for testing any type of recycled plastic drain- resulting stress transferred to the concrete surround and
age kerbs. The results can be used to ensure that haunchinto the haunch materials is required so the system can
materials with suitable strength properties are speci ed to be properly designed to ensure complete con nement of
ensure the drainage kerbs are properly restrained on site.the recycled plastic drainage kerb based on standardised

laboratory testing.

1 Sometimes concrete is provided underneath and to the rear
haunch only and the road construction to the front provides the
restraint
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Fig. 1 Moulds for six kerbs at the casting stage

3 Specimen selection and preparation

The main constituents in the recycled drainage plastic
kerbs are recycled plastic and special binders to give the
composite the required strength. However, the precise
constituents can vary from manufacturer to manufac
turer and it is their responsibility that their kerbs are t-
for-purpose for on-site use (information on the precise Simultaneously to determine the concrete strength at the
constituents is commercially sensitive information). Each time of load application to the drainage kerbs (approx.
manufacturer must be ISO accredited (9001) and products23 MPa). Testing was done in accordance with BS EN 1881
must carry third party accreditation. The kerbs must also[23] (which has since been superseded by BS EN 12390
comply with Highways Agency speci cation Appendix 5/5 [24]).
Clause 516 (Combined Drainage Systems) in the UK [22].
Two different sized recycled plastic drainage kerbs
were randomly selected for testing. The drainage kerbs4 Loading arrangement
were either 305 or 480 mm deep so for simplicity, will be
referred to ‘305 er ‘480.+Kerbs with a splay pro le were The drainage kerbs were manually located onto the bed
chosen for testing as opposed to the half battered. Three of a test frame and the load was applied (ratet 2 kN/s)
samples were tested per kerb depth. Test results were avervia a hydraulic jack, electric pump and steel loading beams
aged as shown in Secs. in accordance with [19] (used to apply the load uniformly
Plywood moulds were used to support the drain- onto the top of the kerb, Fig3a, b. The loading beam was
age kerb and concrete during casting (Fit). The drain- shaped to match the contact face of the test block. The
age kerbs were accurately located within the mould to capacity of the cylinder was 50 Te (25% greater than the
ensure the 150 mm thickness of concrete was consistenttest load class D400 as required by the test standard [19]).
on the front and rear haunch and underneath. The aim The load was monitored via a calibrated load cell in metric
was to have a concrete with a 28 days strength greatertonnes which was converted to kN.
than 20 MPa (ST4 mix), but due to time limitations, a high In order to measure the lateral forces exerted (a meas-
strength mix was speci ed so testing could be done after urement that is not required under the existing stand-
7 days. The rear haunch was lled with concrete to the ard but was included here for research purposes [19]),
appropriate height (underside of lip, 50 mm from the top a strain measuring system consisting of 6 mm diameter
of the kerb) whereas the concrete at the front of the kerb high tensile steel threaded tie rods and four steel channel
was lled to the drainage inlets (Fig2). The specimens Sects. (158 76 mm) were used as shown in F&).The steel
were de-moulded after ve days and left to cure externally rods were instrumented with vibrating wire strain gauges,
for a further two days (covered with polyethlene sheets). the strains would ultimately be used to determine the
Concrete cubes measuring 160100x 100 mm were cast bursting (lateral) forces. The threaded bars were supplied

Fig. 2 Demoulded kerb
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Fig. 3 Recycled plastic drain-
age kerbs at set-up: a 305 mm;

b 480 mm
Depth Depth
460
Tie rod 630
410 No. 580
355 1 535
310 2 502
250 442
3
105 252
4
45
192
l l
Tie forces (from top)
(a) (b) P;, P,, P; and P,

Fig. 4 Locations of threaded tie rods on a 305 mm and b 480 mm kerbs, not to scale (one end elevation shown e.g. Left (L), similar con gu-
ration on opposite end elevation, e.g. Right (R))

by Cromwell Tools, She eld, UK. A tensile test was alsoby Geosense, Bury St. Edmunds, UK, type VWS-2000 and
conducted on two similar tie rods to establish their elastic with a range of 2000 microstrain (Fig). Strain readings
modulus and yield and ultimate strength properties. were automatically recorded on a datataker DT85. The

The strain in the threaded tie rods was measured positions of the tie bars in relation to the base of the
using calibrated vibrating wire strain gauges, supplied drainage kerb assembly are given in Fi.



SN Applied Sciences (2021) 3:171 | https://doi.org/10.1007/s42452-020-04033-x Research Article

1000 400
900 350
800 —— Left 3@ 252 mm
300
—_ —A— Left 2 @ 442 mm
700 T
/ \ g 250 —O— et T@ 502
600 e
/ 2 200
500 Z

- g

400
300 / Tie rad A 100 [ —f \“
/ 50

Stress (MPa)

__mmmmmm \\\\
\
|
|
|

004 r . Tie rod B DO o
100 / 0
00:00:00 00:01:26 00:02:52 00:04:19 00:05:45
0 , . . . . . . Time (mins)
0 05 1 1.5 2 25 3 35
Strain (%) (a)
Fig. 5 Stress/strain pro les for as-received threaded tie rods A & B 400

350

5 Test results 300 —l— Right 3 @ 252 mm /\
—A—Right 2 @ 442 mm m
. . . 250
5.1 Tensile properties of tie bars —@— Right 1@ 502 mm /‘f \3‘

PN

Stress (MPa)

The result of the tensile strength tests for the threaded 150
tie rods is given in Figh. Two rods were tested and both 100
show similar performance through the elastic region to

yield and beyond. However, Tie rod 1 exhibited slightly 1 [/ oA
lower ductility than Tie rod 2 but it is the performance 0 e
in the elastic region that is more relevant. The elastic ~ °¥%%% 000126 000252 000419 00:0545
moduli were 177.13 and 171.87 kN/mffor tie rods 1 rime (mine)

and 2 respectively giving an average of 174.5 kN/mm ©)

Since the 6 mm diameter tie rods were threaded, the

root (or minimum) area was taken as 20vin? as speci  Fig. 6 Measured stress on the a Left (L) and b Right (R) tie rods for
fied by the suppliers. kerb 480 (A)

5.2 Lateral stress in tie bars 5.3 Deformation of loaded recycled plastic

drainage kerb
Referring to Fig3, four ties rods are shown on each end
of the test kerbs. Each end is labelled 'Left’ and 'Right’ FigThe relationship between the total force at each tie rod
ure 4 identi es the tie rod number, starting with No. 1 at level (i.e. the sum of both tie rods) and the height of the
the top through to 4 at the bottom. For each kerb size, tie rod levels is given in Fig, along with the approximate
three specimens were tested, labelled A—C. An examplepositions of the 305 and 480 kerbs in relation to the load
of the measured stresses on the four left and four right tie points (tie rod locations, including 150 mm of base con-
rods is given in Fig6 for one kerb only, kerb 480 (A) and crete). Referring to Fig,, the line of best t for both kerbs
these stress pro les are generally repeated for all kerbs.is in the form of a polynomial meaning that the lateral
The peak stress determined for each of the 880 kerbs  bursting force imposed is not linear along the depth. The
and 3x 305 kerbs are given in Tablewhich were averaged 480 kerb exhibits the largest force, just over 14 kN at a
for analytical purposes. Referring to Taldl¢he total stress  height of about 420 mm from the bottom of the concrete
recorded at each tie rod level is presented (Ttl 1-4). Due tdase, near to the location of tie rod 2, see FigThis is in
slight eccentricities in the loading, the measured stressesthe vicinity where the maximum bursting e ect would be
varied between the Left and Right tie rods at each level.expected i.e. at approximately halfway along the height
The maximum stress recorded was 497 N/rhin Tie Rod  of the kerb. With regards to the 305 kerb, a maximum
R, in kerb 480 (B) but still in the elastic region if compared bursting force is evident between tie rods 1 and 2, again
to the stress/strain curves in Fif. approximately halfway along the height of the kerb, but
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Table 1 Stress in tie rods

during D400 loading

Fig. 7 Relationship between
lateral force and depth for

kerbs

Stress (N/mrf)

Kerb L R TI1 L, R TH2 Ly R T3 L, R TH4
305 (A) 251 239 490 256 224 481 82 53 135 1 0 1
305 (B) 270 340 609 253 184 437 90 103 194 1 10 11
305 (C) 333 145 478 375 194 569 97 11 108 10 0 10
Average 526 495 146 7
Distance from 45 105 250 310

base (mm,

see Fig. 4a)
480 (A) 382 335 717 390 297 687 175 178 353 29 100 129
480 (B) 313 335 648 360 497 858 268 349 617 127 245 372
480 (C) 231 337 569 244 362 606 121 189 310 1 119 119
Average 644 717 427 207
Distance from 192 252 442 502

base (mm,

see Fig. 4b)

Key. L1, L2, L3, L4: Tie rod identi ers on the left-hand side (L) of the drainage system at positions 1-4
(see Fig4). R1, R2, R3, R4: Tie rod identi ers on the right-hand side (R) of the drainage system at posi-
tions 1-4 (see Figt). Ttl 1, Ttl 2, Ttl 3, Ttl 4: Total strains recorded at each of the four tie rod positions e.g.

L1+R1=Ttl 1 etc. (A), (B), (C): Identi er for each of the three specimens tested for each kerb size

16
P>
14 P
\Pl
12 4
1
P2 \
10
s N \
3 / \ \
L 6 / / N \\
% / 305 kerb H
T 4 ¢ Pa
- PS/ v
) /
Fy 480 kerb &
0 T T

0 005 01 015 O

2 025 03 035 04 045 05 055 06 065 0.7

Distance along depth of drainage channel from underside of concrete ba3e (m

since the kerb is shorter and stockier than the 480, thefor both kerbs. This lateral force will induce tensile stress

magnitude of force is lower, Fig.

6 Determination of tensile stress
in the concrete haunches

in the concrete haunch which may lead to cracking or fail-
ure if su ciently high. The forces presented at the four
locations in Fig7 were determined from the strains meas-
ured as described in Sect. In order to get an indication
of the structural performance of the concrete haunch as
a result of the lateral forces, an estimate of the uniformly
Referring to Figy7, it is clear that the deeper 480 kerb exerts distributed load (UDL) where the drainage kerb contacts
a higher lateral force compared to the shallower 305 kerb, the concrete haunch is required. The forces shown in Fig.
with the peak lateral force at approximately mid-height are concentrated point loads and need to be transformed
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Fig. 8 Determination of approximated peak load on the cantile tie rod extensions; b—e calculated negative de ections due to the
ver concrete haunch as a result of measured and predicted de ec tie rod forces; f positive de ections due to the distrbuted lateral
tions (480 kerb): a resultant positive de ection as measured by the load (all de ections shown exaggerated)

into an appropriate UDL to better represent actual con- towards the free and xed-ends of the concrete haunch.
ditions. This analysis is explained in greater detail in theln order to establish an equivalent bursting load acting on
following sections in conjunction with Fig3. Referring to  the cantilever concrete haunch, it is assumed for simplic
Fig.8, six diagrams (a—e) representing the left hand sideity that the bursting load tending to push the haunches
of the 480 concrete cradle are presented which describe outwards is in the form of a parabolic load as shown in
the measured and virtual de ections on the cantilever Fig.8f with a horizontal reaction and bending moment at
concrete front haunch as a result of the loading applied the support also as shown in Fi§f. This load has a vary

as described in SecA. ing intensity of kN/m and a peak intensity of (kN/m) at
Figure 8a represents the measured extensions at the mid-depth. An equation for the de ection of the simulated
four tie rod locations with deflections — (see also parabolic load in terms of is developed in Sec6.3. How

Fig.4). In general terms, these measured de ections are ever, the value of is unknown but the extension of the
the net result of the combined negative de ections pro tie rods from strain measurements (F8p) and the defee
duced by the opposing tie rod forces and the positive tion of the concrete cantilever at the tie rod locations as a
de ections due to the bursting force. Horizontal reaction result of the simulated loads to from standard equa-

and bending moment  will also be present at the sup tions (Fig8b—e) are known so these are used to obtain
port. This is analysed in Seétl Referring to Fig3, itis  Therefore, the de ections as a result of the loads shown
clear that the instrumented four tie rods also provide a in Fig.8a—f will be algebraically added together at each tie
reaction against excessive outward de ection of the front rod location to enable an estimate of the peak load,to
and rear concrete haunches. Therefore, the tie rods o er abe determined. Therefore, for example at tie rod location
reaction against outward movement of the front and rear 1, the equation is
concrete haunches at locations 1-4 (see Hy.the mag-
nitude of which are similar to the forces given in Fig. 1)
Figure8b—e shows the de ections at the four tie rod loca-
tions as a result of isolating each of the reactions .
Referring to Fig8b, Reaction can be assumed to act as a
point load on the cantilever haunch leading to de ections

— at the four tie rod locations. The xed end of the
cantilever exhibits both a horizontal reaction and bend-
ing moment  for equilibrium. Standard equations for the
de ection of a cantilever beam will be used to determine
the de ections of the cantilever haunch at this point. This
is repeated for reactions , and as shown in FigBc—e.
The analysis is presented in Seg12.

Referring to Fig7, it is clear that the bursting force is @)
not uniform along the depth of the drainage kerb with a
higher magnitude of force present towards the mid-depth where is the strain, is the datum frequency of the wire,
of the concrete haunch with lower bursting forces evident  is the subsequent frequency, is the Gauge Factor

This is repeated for other tie rod locations 2, 3 and 4 and
all should yield a similar value for. The detailed analysis
is given in Sect6.4

6.1 Measured lateral extensions on the tie rods

The vibrating wire gauges in Figt measure the strain
in the tie rods using the equation supplied by the
manufacturer:
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(3.718) and is the Batch Number (0.958) (GF and B aré6.3 Development of de ection equation

constants provided by the manufacturer during calibration for the peak parabolic load,

prior to shipping the strain gauges). The strain determined

from Eq. 2 in the analysis was the maximum recorded i.e Referring to Fig8f, since the load is in the form of a para-
when the load of 400 kN was applied onto the drainage bolic curve, the load can be written in the form of a quad-
kerb assembly and held for 30 s. Hence, the extensiorratic equation, namely

of Tie Rod 1 was determined using Exj(modi ed from

strain=change in length/original length) where is the (6)
length of the threaded rods (taken from the anchor points
on the inner face of the webs of the channel sections) as
shown in Fig4:

Referring to Eq6, values for , and are required.
Therefore, at where is measured from the
top of the concrete base so takes into account the por

3 tion of the concrete in uenced by the load . Therefore,
substituting this into Eq6 gives
This was repeated for tie rod locations 2, 3 and 4 giving

, and . For equilibrium, a horizontal reaction and (7)
bending moment  will also be present at the supportas  Also, at and substituting into Eq. 6 gives
shown in Fig8a. @®)
6.2 De ection of concrete haunch due to virtual Simplifying Eq. 8 gives

reactions , , and
9)
The four forces inthe tierods ( , and ) can be consid- The load intensity (peak load) at  -. Again
ered as virtual loads on the cantilever beam. Each reaCtionsubstituting this into Eq. 6 gives ’
can be considered in turn to cause a virtual de ection in
the beam and standard cantilever beam de ection equa- L (10)
tions are used for this purpose. Referring to Bg.for load
, the de ection at any distance can be obtained when . .
from [25] But since from Eg9, 10 can be written as
— — (11)
— 4)
Simplifying Eql1 gives
where is the distance to the reaction andis the dis- plitying Eq11 g
tance to the four tie rod locations, both measured from L (12)
the base. However, when , the de ection is
obtained from . . .
Rearranging EdL2 in terms of gives
— ®) _ (13)
Therefore, the de ections at the four tie rod locations .
' ) ’ but since from EqO9,

, and can be obtained from Egt,5 as a result of g
the virtual load due to reaction . This is repeated for reac 14
tions , and giving the corresponding de ections at T (14)
the four tie rod locations, Figgc—e. However, for analytical Substituting Eq13, 14 into Eq6 and simplifying gives
purposes, the de ection from only one reaction (, or 9 EQ-Ls, a! P 99

) is required but all four were obtained regardless as a cros@" egpressmn for the load mFensny as a result O_f the
check. However, accuracy can be an issue where the meaé)_urstmg load from the deforming kerb on the cantilever
ured extensions are very low iB; or B, near the cantilever haunch of the concrete cradie

support and this will be considered in Seét4. (15)

The load acting on the concrete haunch can also be
expressed as
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(16)
Inserting Eq15 into Eq.16 gives
17)

Integrating Eq.17 gives an expression for the shear

- — - - (18)
Since — at , therefore, from EqlL8
- - - (19)
Simplifying Eq19 gives
— (20)
Substituting Eq20 into Eq18 gives
_ — = = — (22)

Integrating Eq21 gives an expression for the moment

_ — — - — (22)
Since — at , therefore
—_ — = —_— (23)
Simplifying Eq23 gives
— (24)
Substituting Eq24 into Eq22 gives
_ — — - _ — (25)

Integrating Eq.25 gives an expression for the slope

(26)

However, at , therefore

(27)
Finally, integrating Eg27 gives

| https://doi.org/10.1007/s42452-020-04033-x

Research Article

(28)

But since at , therefore

(29)

Simplifying Eq28 gives an expression for the de ection
of the parabolic load on the concrete cantilever haunch as
shown in Fig8 (f)

(30)

where was takenas from

(31)

from Table 3.1in EC 2J][f =
cylinder strength) and
150 mm).

being the concrete
( =500 mm and =

6.4 Determination of simulated peak load,

Referring to Fig8, the extension in any one of the four tie
bars (see FigBa), labelled ,>~ ,* must be equal to the
de ection caused at the corresponding location as a result
of the simulated load with peak intensity minus the
deformation in the corresponding tie rods locations from
the Reactions?,—P, as shown in Fig8Bb—e. This was given
in Eg.1. Since four positions on the concrete haunch have
been considered for analysis to coincide with the location
of the tie rods, then four independent de ection equations
can be established to determine the unknown value of the
peak load (each equation should yield the same value
of so considering four equations allows an average to
be obtained). Therefore, rearranging Efjand inserting
appropriate terms for tie rod level 1 in Fi§.gives:

(32)

Similarly, de ection equations for tie rod levels 2—4 can
also be established as follows:

(33)
(34)
(35)

Therefore Eqs32,33,34,35 are used to calculate four
di erent values for peak load . Referring to Tabl@, the
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Table 2 Determination of peak load

1

2

Haunch, see De ections via:

3

De ections calcu-

5

480 mm drainage kerb

7

305 mm drainage kerb

De ections (m)

(kN/m) (Front

De ections (m)

(kN/m) (Front

lated via: (Front Haunch) Haunch) Haunch)
Figure 8a  Strain gauges Equation 3 2=822x10¢ - 2=6.93x10¢ -
2=9.14x 10 2=6.53x 10
£=5.44x 10" £=1.92x10
£=264x10 £=9.88x 1P
Figure 8b  ReactionP,=12.95 Equation4orEq.5 ,°=1.32x10° - L=311x10 -
kN at tie rod loca- L =1.09x 10 L=222x10°
tions 1-4 P=416%x10° P£=475%x1¢
L =253%x10° L£=9.36x10
Figure 8c  ReactionP,=14.41 Equation4orEq.5 ,°=1.21x10% - £=247x10° -
kN at tie rod loca- L£=1.00x10 X£=1.82x10°
tions 1-4 £=3.96x10° £=4.13%x10°
£=243x10° £=829x10
Figure 8d  Reaction’;=8.58 Equation4orEq.5 ,9=2.75x10° - 9=314%x1F -
kN at tie rod loca- A=2.36x10° N=2.46x 10
tions 1-4 A=111x10° £=8.01x10
J=719x10° S=1.89x10
Figure 8¢  ReactionP,=4.16 Equation4orEq.5 ,°=8.12x10° - £=3.00x100 -
kN at tie rod loca- L£=7.01x1F F£=2.39x10
tions 1-4 £=3.48x 1P £=9.16 x 10°
£=237x10F £=3.05x1¢
Figure 8f  Simulated lateral  Equation 30 f=141x10® 786 (Eq. 32) =238x10 3161 (Eq. 32)
peak load ,=1.19x16fF 966 (Eq. 33) ,=1.75x10 3983 (Eq. 33)
4=5.10x10° 1256 (Eq.34) 4=3.96x10° 5086 (Eq.34)
/=319x10° 1013 (Eq.35) 4=7.95x10° 1493 (Eq. 35)

Average: 876
(4 2)

Average: 3572
(4 )

de ections for the front haunch only for the 480 and 305 two tie rods for the 480 kerb will also be excluded meaning
kerbs are given (a similar analysis was also done for the reawnly tie rods locations 1 and 2 will be used and this is shown
haunches and the magnitude of peak load was obtained in Table2, cols. 4 and 6. It was mentioned in Se&R that
but are omitted from Table? due to space limitations). In the nding from only one tie rod is theoretically required
Table2, col. 1, the de ections as a result of the applied load but for greater accuracy, the average from tie rods 1 and 2 is
are related to one of the diagrams in Figp—e with further  used in the analysis.

descriptions given in col. 2. The equations used to calculate

the de ections are given in col. 3 followed by the actual 6.5 Determination of resultant load, Q

de ections for the 480 kerb in col. 4. Four slightly di erent

values for peak load are given in col. 5 for the 480 kerb, Referring to Figgf, the parabolic load which represents the{at
ranging between 786 and 1256 kN/m. The de ections for the eral load on the front concrete haunch as a result of deforma-
305 kerb and corresponding peak load are given in cols. tion in the drainage kerb is denotedwhereas the peak load is
6 and 7 (average 3572 kN/m for tie rods 1 and 2). Due to thelenoted . An expression for the loadis given in EdL5. The
very small de ections either measured or calculated in this peak load was determined in Sec6.4. To enable a simpli-
analysis, it is perhaps too much to expect closer agreement ed prediction of the maximum tensile stress in the concrete
for peak load values, especially for de ections at tie rod haunch to be determined, the expression for the uniform load
levels 3 and 4 where small errors in readings can give a high (Eql5) can be integrated to give the resultant forceacting
percentage di erence. Referring to Figda, tie rod locations  on the front concrete haunch. Therefore

for the 305 kerb are within the base concrete and so will be

in uenced by the resistance given by the concrete. There (36)
fore, the analysis of tie rods 3 and 4 are best excluded on the

f liabl i f i h - . .
grounds of unreliable readings and for consistency, the same Substituting EqA5 into Eq36 gives
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Fig. 9 Crack propagation at front haunch due to increasing lateral force

constructed at the front, the rear construction may vary
- - (37)  with materials of varying sti ness, for example, footpath
for pedestrian access or simple landscaping where access
Integrating Eq.37 gives is not required, for example on a roundabout where veg-
etation or similar is provided for aesthetic purposes.
- (38) A representation of the e ect of the resultant force, ,
acting on the concrete cantilever (front haunch) is given in
Fig.9. The type of failure mode will reveal how the concrete
haunch acts under the action of the resultant force,. This
can be done via investigating the orientation of the crack as
shown in Fig9a. Three possible simpli ed types of crack ori-
- - - (39) entations are given initiating from the intersection Point A, in
the case of this example, the front haunch since the resultant
Simplifying Eq39 gives the expression for the total load  was greater than , the resultant in the rear haunch. Crack
acting on the concrete haunch Type (i) is predominantly vertical and at right angles to the
line of action of the resultant force , meaning a tension fail-
—_— (40) ure results (the haunch splits from the concrete cradle under
a sliding type of action). Crack Type (ii) is parallel to the line
The term in this analysis is subscripted with f (for front) of action of the resultant force meaning itis exural as the
and r (for rear) giving resultant forces and  respectively.  crack propagates as a result of bending action. Finally, Crack
Type (iii) is at an angle from Point A meaning it is as a result of
6.6 Determination of failure mode in the concrete  both bending and exural and if present in equal measures,
haunch the line of the crack would roughly be at 45°.
Figure9b—d shows the failure sequence from a previous
Referring to Fig9, when the kerb is loaded in accordance load test on a similar kerb (480 mm deep) but without the
with the test standard, cracking, if present, will initiate at restraint provided by the threaded bars. The crack initiates
Point A on either the front or rear haunch, at the intersec at Point A as shown in Figb, c and propagates predomi-
tion between the concrete base and cantilever as this will nantly downwards at a shallow angle to the vertical until
be the tensile face as a result of lateral loading. The magnithe front concrete haunch completely splits from the base
tude of this tensile stress could cause cracking and failureconcrete as the tensile stress exerted is greater than the
of the concrete surround if the induced stresses are greatertensile strength of the concrete (Fi§d). The orientation
than the exural strength of the concrete. However, in real- of the crack, therefore, is between Crack (i) and Crack (ii) in
ity, the kerb and concrete surround is restrained by the Fig.9a meaning failure is as a result of pure tension being
haunch construction to the front and rear. A carriageway developed in the concrete in addition to some exure as
or other hard wearing course (e.g. car park) is normallythe front haunch splits from the base concrete.

Replacing with the boundary values and 0 in Eq38
and simplifying gives
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Fig. 10 Load exerted laterally for 480 kerb

6.7 Determination of the reaction in the pavement  but actual cube strength was 23 MPa (equivalent to a cylin-
construction der strength of 18.4 MPa [26]) at the time of testing, S8ct.
Using Table 3.1 from EC 2 [27] gives a tensile strength of
In the UK, a pavement is designed in accordance with HA
documentation [21] and is (predominantly) exible or rigid. (41)
In exible pavement construction, there is usually a well
prepared subgrade with one layer (or more) of unbound
base material topped with a layer of bituminous hot mix
asphalt. Asphalt on a high volume exible pavement ( 80
million standard axles (msa)) is laid at a minimum depth o
180 mm meaning that the top 180 mm of the submerged
kerb is supported by asphalt (plus the surround concrete).
The resultant of the udl  acting on the front cantilever

Which gives MPa. However, as is normally the
case for concrete materials in design, a factor of safety,
= 1.5 (e.g. from Eurocode 2 [27]) is used meaning the fac
ftored strength ( ) is 1.39 MPa.
In the laboratory testing, a single kerb assembly was
tested. In eld applications, the recycled drainage kerbs are
joined to one another using a high performance one-part

was found from Eq. 40 and is shown in Fi§. which also polyurethane sealant and butted together meaning there is

shows the depth of asphalt and subgrade. The force actinga continuous line of kerbs with a certain amount of restraint
on the rear cantilever  can also be founoi using the same provided which is absent in the laboratory tests. In this araly

equation. Concentrating on the front cantilever, the result SIS, Itis assgmed that due to t_he continuity, the cc_;mbn_‘ned
ant force will exert a tensile stress in the concrete and €S/Stance given by two kerbs Is assumed, that being either

if this stress is greater than the tensile stress in the concretet1alf a kerb either side of the impacted kerb or a full kerb

then cracking will occur. The concrete surround is Grade CZ(?'ther side of the line of adhesion if impact is on the joint.
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Table 3 Determination of Force/reaction 480 kerb 305 kerb
lateral forces
(KN/m) Value (kN)  Total (kN)  (kN/m) Value (kN)  Total (kN)
- 139.4 (Eq. 42) 341.7 - 408.5 (Eq. 42) 825.8
876 (Sect. 6.4) 202.3 (Eq. 40) 3572 (Sect. 6.4) 417.3 (Eq. 40)
- 120.2 (Eq. 42) 345.1 - 318.4 (Eq. 42) 806.5
706 (Sect. 6.4) 224.9 (Eq. 40) 2408 (Sect. 6.4) 488.1 (Eq. 40)
3.3 19.3
For the front haunch of the 480 kerb, = 876 kN/m and (46)

= 0.385 m and substituting these into Eq. 40 gives=
224.9 kN. The rear haunch was also assumed to consist of The applied stress at Point A in Fid) can be calculated,
an asphalt layer of similar depth for calculation purposes with the assumption that two kerbs are fully bonded to
but this construction detail may vary greatly across di-er each other and act in tandem to carry to applied forces as
ent schemes in reality, ranging from an asphalt footpath to described above. Therefore
well compacted dense soil, for example on a roundabout.
for the rear haunch was also calculated with appropriate _ 47
values inserted into EqL0 giving = 202.3 kN.
It is assumed that the asphalt on the front haunch  Substituting known values into Eg@t7 gives
(Fig.10) will provide a reaction, to the lateral resultant
and acts at mid-depth of the asphak«{ -

Referring to Fig1l0 and considering the front haunch _ (48)
only (left hand side), summing the moments about Point
B ( ) gives or MPa. Comparing this applied stress in the
concrete to the factored tensile strength of the concrete
- - ( MPa) means the concrete remains crack

(42) free. In addition, irrespective of the construction material

where 0.150 is the concrete thickness (m). Substituting used on the rear and front haunch, the applied stress is very
known values into Eq42 gives a value for which for the low. For example, the reaction (139.4 kN), despite being
front haunch of the 480 kerb was 139.4 kN. A similar calcula@SSumed to be provided by only 180 mm of asphalt, would
tion was done for the right-hand side of Fig0 (rear haunch) induces a stress of only 0.77 MPa [(139.4)({0000)(180)].
and was 120.2 kN. Sinceand  are already known from For the 305 kerb, a maximum stress of 2.3 MPa would be
Eq.40, a check can be conducted for horizontal equilibrium. Présentin the asphaltin the front haunch.
Therefore, summing the forces horizontally (see Eig) gives

43) 7 Discussion of results

or The recycled kerbs were tested in accordance with BS EN
(44) 1533 [19] which applies a vertical load of 400 kN (Class
D400) on the kerb. In reality, when any type of road kerb
or 341.7 kN versus 345.1 kN which is a very satisfactory impacted in-situ, the wheel load will either hit the kerb
correlation. A similar calculation was done for the 305 kerb horizontally or hit and mount the kerb. This loading is dif-
and exhibited total forces of 825.8 kN versus 806.5 kN, derent to the type of |Oading app“ed under idealised con-
higher di erence of 19.3 kN (2.4%) but is considered rea- (itions in the laboratory. A ‘standard axle’ in the UK [28] is
sonable under the circumstances. A summary of the keyde ned as an axle exerting or applying a force of 80 kN or
values are given in Tabl@ 40 kN per wheel (when one wheel is acting on the kerb,
It was shown in Fig9a that cracking initiated at Point = the other wheel on the same axel will also provide a down-
A for unsupported drainage kerbs assemblies. Therefore,yard force on the asphalt to one side of the kerb thereby
the bending moment at this point can be calculated from jncreasing the restraint). However, the load applied in the
(45) laboratory is 40 Te (or 400 kN) meaning the laboratory load
is factored upwards by a factor of 10 to account for the
giving dynamic e ects of the wheel load. Clearly, in an idealised
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laboratory test, there exists the opportunity to perfectly is to determine the level of lateral force exerted as a
align the kerb in the concrete cradle ensuring they are ver result of deformation of the drainage kerb under load
tical without tilting in any direction using whereas in-situ, meaning recycled plastic drainage kerbs can be rigor
they are placed by hand without any props. In addition, the ously assessed in the laboratory to ensure they are fit-
recycled drainage kerbs in-situ are joined to one another for-purpose in the field. The main issue with recycled
using a high performance one-part polyurethane sealant plastic drainage kerbs is that the vertical test load of 400
and butted together meaning there is a continuous line of kN produces an outward (lateral) bursting force which
kerbs with a certain amount of restraint provided which is likely to lead to cracking of the concrete surround if
is absent in the laboratory tests. The failure mode in theit is unsupported at the front and rear haunches due to
laboratory testing was akin to mainly tensile and exural the level of tensile stress generated in the concrete. The
stress as the unsupported front haunch split from the base highest lateral force recorded is approximately at mid-
concrete as a result of the bursting force (tie rods wereheight along the depth of the kerb, irrespective of kerb
eliminated in these tests). The whole drainage kerb assemssize. The strain measuring device monitored the strain at
bly also rests on a solid bed during application of the load. four locations along the depth of the concrete haunch
This, too, may have an in uence on the failure mode. Forand it proved to be a reliable method. These strains were
example, referring to Fid, the failure mode was predomi- converted to both deflections (extensions) and forces,
nantly one of splitting as evidenced by the direction of the the latter being used with standard equations for the
crack. However, the steel bed of the test frame provides adeflection of cantilever beams to also establish deflec
reaction at the bottom corner of the concrete cradle (Point tions at the four measuring points. A parabolic bursting
B, Fig10) meaning the front haunch is unable to bend to force was assumed to act on the concrete haunch with
cause a exural failure, especially as it is held down by aa peak intensity of . By equating this to the resistance
vertical load of 400 kN. There is also the possibility that theto deflection equations, the total lateral bursting force
haunch is so small in length that pure bending action is was determined on both the front and rear haunch
limited. There may be a certain amount of elasticity inthe (  and ). The tensile capacity in the concrete section
natural foundation in-situ meaning exural failure may be resisting the lateral force was determined and shows
more prominent as opposed to splitting (tension failure). that additional support is required from the adjacent
However, the key characteristic in the resistance to crack construction to both the front and rear haunches of the
ing is the tensile strength on the concrete which is low drainage kerb. The compressive stresses in the adjacent
regardless of whether the pure tensile strength or exural haunch construction materials as a result of the lateral
strength is used in the analysis. Furthermore, the drainagebursting forces are calculable and are shown to be low
kerb has deemed to pass the test as long as it is able teenough to be safely carried by the materials.
carry the D400 load and this was the case for all restrained The test method has been shown to be a reliable way
drainage kerbs tested in the laboratory (total of six). Theof estimating the level of restraint required for loaded
analysis presented in this paper looks to understand the recycled plastic drainage kerbs tested under laboratory
distribution of forces across the drainage kerb assembly conditions in accordance with BS EN 1433 The rigof
which were then used to predict the level of restraint ous analysis conducted in the research has the potential
required by the road construction materials. Clearly the to add significant value to the current test standard [19]
results presented in this paper are con ned to the drain- with regards to testing recycled plastic drainage kerbs.
age kerbs tested under laboratory conditions and give a
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