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Note: The following is the notation used in this paper: (. ) for decimals and ( ) for thousands.
Summary

Concrete block pavements (CBPs) have been used for heavy duty pavements in Container Term
nals for over 25 years based on their abilities to withstand severe dynamic and static loadsAgs, resi
tance to fuel and hydraulic oil damage, settlement as welinantdhny instances, being moreoec
nomical than asphalt or rigid concrete pavements.

Whilst CBPs have performed well for many projects, there are some instances where the perfor
ance has not been as expected, and premature pavement failures have od@tusredrticularly

applies in terminals using heavier container handling equipment that generates channelised wheel
paths such as Rubber Tyred Gantry Cranes, Automatic GVielddles and Straddle Carriers.

Generally based upon visual inspections only, plaiser reviews recent experiences in a number of
container terminals around the world where premature fatigue and pavement failures hawe been e
perienced where the heavier container handling equipment is used.

This paper summarises the pavement structdessgn life, container handling equipment used and
visual observations of the performance for each project investigated.

Based upon the observations of the performance, and discussions with the owners, conclusions are
made in respect to the factors thaflience the performance of container terminals bloclkepav
ments; these findings will provide guidance to designers arstraators for future projects.

1. APPLICATIONS CONSIDE RED

The heavier wheel loads result from the use of the larger container handiipment such as:
11 Rubber Tyred Gantry Cranes (RTGC6s)

I f 8 Wheel RTGCO6s are selected by the port op
generally be a reinforced concrete runway bedimere have been some limited applications where

8 WheelRTGC's operate on concrete block paving, but ultimately the runway exhibits ranting

failure in the base course.

The preferred choice is 16 Wheel RTGCO6s which
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We can leave it to the Mechanical Engineterslebate the difference between capital and ongoing
equipment maintenance costs for the these two equipment options; suffice to say that there are other
advantages including:

1. If there is going to be ongoing differential settlement within the operatiadegiolerances of
the 16 Wheel RTGCO s, it reduces the need to
concrete runways and the adjacent flexible roadway pavements.

2. Once differential settlements between concrete RTGC runways and adjacetd flexéments
exceed 20nm to 25mm then rdeveling is required to prevent damage to container handling
equipment and the contents of the containers.

3. It allows the terminal operator additional operational flexibility in areas required for stacking of
fuly | oaded containers (FCLOS) and empty <cont
Also it provides a multpurpose surface for any fluctuations in areas required for Custems i
spections, empty container storagerolitgauge containers etc.

Whilst the use of concrete block paving for 8 wheel RTGC runways may be argued, the Authors'
experience is that reinforced concrete runways ageined for full confidence.Examples are rare

with one example in Tanzania where 12@n thick blocks were used with @ptable rutting of

about 12m to 15 m to date. These pavements were constructed about 20 years ago and laid by an
experienced European Contractor, originally for general cargo operations using reach stackers and
after 10 year s us eyareistl perf@ming satiséattorilRa rén@idkable peh e
formance.

1.2 Straddle Carriers

The use of CBPO0s is a common solution for str
surface giving total flexibility for running the straddle carriers gnounding containers basically
anywhere within the terminal.

1.3 Aut omat ed Guided Vehicles (AGVOs)

These have been used in some European terminals and experience has been covered in previou:
conferences, eg (Moneil 2006). Suffice to say that the extreme i@hesl if guided along regular
paths, will inevitably cause excessive rutting and ultimately pavement failure.

Pavement design guides such as t heockpavedesiget e M
software and the Interpave (UK) guithkeavy DutyPavements The Structural Design of Heavy
Duty Pavements and Other Industriggake allowances for the effectdiannelizedrafficking.

1.4 Reach Stackers

Reach stackers combine very high axle loads (some in excess of 90 t), the effects of which may be
exa®@rbated by operators using hydraulic steering to turn wheels when the equipmentniargtatio
resulting in aggressive service loading.

Once again CBP6s have often been the pavement
usually on the basis obst.

Whil st the performance of CBPO&6s in reach st ac
number of cases where failures have occurred.
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2. PERFORMANCE OBSERVATIONS

Whil st CBPO6s have performed well f @ethe padam-y pr o
ance has not been as expected and distress and premature pavement failures have dhurred.
particularly applies in terminals using heavier container handling equipment such as Rubber Tyred
Gantry Cranes, Automatic Guided Vehicles and &dta Carriers running along predefined paths in
container stacking and back reach areas.

The performance of several container terminal pavements from around the world is shown in Table
1.

3. CONCRETE BLOCK PAVIN G LAYER

From visual inspections and in some sg#ysical investigations, it was seen that the block layer
had not contributed directly to pavement distress or pavement faildmegever, the authors would

like to caution that descriptive specifications or standards on block dimensional tolerancé are
always compatible to achieving consistent compliant joint spacing between the blocks and this has
been evident on other projects.

Recent experience on a large container yard project in the UK raises the issue that the cafrent crit
ria developed on joting material may need reviewing. The British Standard gives guidance on
particle size distribution but give no advice on durability or particle sh@pethis particular po-

ject the jointing material was very fine, kiln dried sand with rounded pastiblet despite thef-e
forts of the experienced paving contractor th
removed by the action of traffic during construction and after handing over areas to the client. The
consensus was that despite tha fhat the particle size distribution was compliant, the fineness and
particle shape were the contributing factors to this problem.

It is believed that the focus in the development of information in the British Standard was Bn ensu
ing that the jointingand Afl owsd and completely fills the
size distribution developed may have been influenced by the fact that when block paving was first
introduced into the UK and Australian markets somadB5 years ago, and althgh standards

stated that the joint spacing to be in the order win2 to 5mm, bl ocks then didno
to assist in achieving consistent joint spacing, generally resulting in narrow jaNdsadays

blocks have spacer nibs which assist ineghg consistent, compliant joint spaces.

4. BASE COURSE

The base course will normally comprise cement bound material, wet lean mix concret@meail c
or in some cases an unbound material.

4.1 Cement Bound Material

The previous way aofeteme aviafsy icrhga nfgleedan nc amdice UK
tion of BS EN 1422Hydraulically Bound Mixtures Specifications.Table 2 provides a desptive
means of relating the old classification to the new one.
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TABLE 1. CONCRETE BLOCK PAVEMENTS COMPARISON FOR STRADDLE CARRIER AND RTGC PAVEMENTS

Country Age Pavement Section Equipment DeFayIs & Design General Performance Approximate Rutting Comments
(Years) Repetitions Performance
United 12 CBP | 80mmi CBP -16 Wheel RT GC®& s | Acceptable with minimum pav Rutting has occurred along | No commentfailed area still under investigion
Kingdom (completed Sand| 30mmBedding Sand - Design Wheel Loadl 16T (at rated | ment maintenance required in the RTGC runway areas
(Case 1) Feb 1996) Base| 350mm- CBM3 load) roadvays and general stackinga | down to about 125 mm
Subbase| none - No. of Repetition$ 200,000/annum| eas. In some runways premature
Cappirg | none - Design Lifei 20 Years Some failures appearing in RTGC| failure is stating to appear
Subgrade| 30% CBR runways and along lines of CBM
joints.
United 3.5 CBP | 80mm- CBP -16Wh e e | RTGCds Acceptable with minimum pay No comment failed areas still under inveséiipn
Kingdom (completed Sand| 30mm- Bedding Sand - Design Wheel Load ment maintenance required in
(Case 2) Nov 2004) Base| 375mm- CBM3 (C10) -18.2T (at rated lad) roadways and general stackimg a
Subbase| none -20.7T (no load, max wind) eas.
Capping| none - No. of Repetitions Some failues appearing in RTGC
Subgrade| 30% -12,000/annum (lift cycles) runways and along lines of CBM
CBR - 21,000/annum (unladen moves)| joints.
- Design Life- 20 years Problem with the "spherical” join
ing material that was easilg+
moved from the joints during oe
struction.
Bahamas 8.5 years CBP | 100mm - 8 Wheel Straddles(1 over 3) Pavements have not performed ag Rutting up > 20mm hasce Reason for the poor performance has been put down
(Case 1) (Comgeted Sand| 30mm - Design Wheel Load 207kN designed particularly in the stidle | curred in some of thetraddle | the use of local limestone in the CBM base layers wh|
late 1999) Base| 200mm direct on lire- - No. d Repetitions roadways which have had to ke r | aisles within the stacking-a | crushing of the topwsface of the base course has lead
stone rockhead; 270mm| -Stacking Aisles: 0.675x£0 placed with PQ Concrete roadway{ eas. localised failures, particularly along the location of th
on subbasei CBM3 -Roadways/Aprons: 1.40x10 In the aislesn the stacking areas th Deeper rutting up to 30mm | joints in the CBM .Also lack of draage at the junction
Subbase| (C15) - Design Lifei 25years performance has been acceptable| and ultimate localized fhi of the quay slab where straddle carriers are travelling
Capping| #610 Granular Base except at the junction of the block | ures occurred in the rda downhill and braking onto the rear quay caterapron
Subgrade| Nil paving and the rear quay concrete| ways
Weathered Limestone slab where stiddles are travelling
CBR> 40% downhill and braking onto the ne
crete apron
Bahamas 5.5 Years CBP | 100mm - 8 Wheel Straddles(1 over 4) Design changed to provide PQro| Rutting up to 15mm hase | As above.
(Case 2) (First se- Sand| 30mm - DesignWheel Load’ 207KN crete in the roadways which arerpg curred in some of the stradd| Use of PQ Concrete has improved the performance i
tions con- Base| 350mm CBM3 (C15) - No. of Repetitions forming well. carrier aisles within the the roadways.
pleted early Subbase| # 610 Granular Base Stacking Aislesi 0.67x16 In the aisles in the stackirmgeas staking areasut appears to
20030 Capping| Nil Roadways/Aprons: 1.40xi0 the performance has been adeep | have stablized.
Subgrade| Limestone rockhead or | - Design Lifei 25 years able except adjacent to the quay

>40% CBR Granular fill

- 3 high stacking

apron where there are signs oépr
mature rutting at the junction area

as described above.
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Bahamas (Not yet cBP | 100mm - 8 Wheel Straddles + (Top Lifter & Design will be PQ pavements in
(Case 3) constructed) sand| 30mm Mobile Crane for Roads) ;(::gl\(/;/:élz .r':;n:s.block paving in the
Base| 350mm WLC4 (C20) | - Design Wheel Loads
(Flexural Strength 265kN Straddle
>3.6MPa) 769kN Top Lifter
# 610 Ganular Base ;
Subbase (>300MPa) 365kN Mobile Crane
. No. of Load Repetitions
Weathered Limestone
Subgrade (>1000MPa) Apron Slab / Roads
- 6.6x10 - Straddle
- 67,500 -Top Lifter
- 31,200 - Mobile Crane
Stacking Aisles
- 3-4 high stacking predominant loaf
(420kN)
Netherlands | Renovation CBP | 120 mm 10 Wheel Straddles (1 over 3) Pavements have not performed ag Rutting up > 30mm hasce If rutting occurs within the first 1 or 2 years inspiens
(Case 1) 1993i 1995 Sand | 30-50 mm - Design Wheel Load 16 T designed due to the ongoing settl | curred in some of the stradd| have shown that the top of the base layer (up till 50
Base| 500 mm CTB - No. of Design Repetitions: ment of the subsoil and in some an aisles within the stackg and | mm) is not correctly bonded to the whole base layer.
* Stacking 100 per teu ground slot p because of non boundedierial in | transfer areas. these areas earlgplacemat is necessary to protect the
Subsoil | Silty sand year = 2000 passes per lane pery| the top of the base layer. No major rutting in the rak | rest of the base layer from failing.
¢ Roadways 264.000 per year ways.
- Design Life- 20 years
Netherlands | Area 1982 CBP | 120 mm 8 Wheel Straddles (1 over 2) Pavements have performed &s d
(Case 2) Area 1992 Sand| 30-50 mm - Design Wheel Load7 T- signed.
Area 1996 Base| 550 mm CTB - No. of Design Repetitions
Area 1998
Subsoil | Sand (reclaimed area) | - Design Life- 20 years
Netherlands | 1992 CBP | 120 mm 4 Wheel AGV6o6s Excessive rutting caused by the Initial pavements showed Extreme rutting is attributed to
(Case 3) Sand| 30-50 mm - Design Wheel Load 20T tracking of wheel paths along some rutting up to 3@0mm | - large number of repetitive AGV axle loads along fixe
Base| 550 mm CTB - No. of Design Repetition$ 1,04 x Agui ded wi r e dings Yy whereuponepairs would be | travel lanes
Imilion per year (figures 2007) failure of the top layer of sane¢ done. - insufficient drainage leading to saturation of thd-be
Subsoil | Sand (reclaimed area) | - Design Lifei 20 years ment base course In AGV lanes rutting up to | ding layer and subsequent ppirg

Evidence of crushingfdop layer of
the soil cement base courssulted
in excessive riting in both areas.

100mm

After improvements to base
course rutting 20mmafter
approx 7 years

Due to the fixed traveling
lanes for the AGV parallel
and pependicular to the quay
rutting led to extreme depse
sions at the cramgs.

- crushing of material in the sand bedding layer and t

upper part of the sand cement base course

Major recommendation from Ref 1 below waséplace

the bp 256300mm of sand cement base with lean-co

crete (C15 strength) on top of the sand cemengraht

However concrete blocks will not be used for AGV

pavements in the future and concrete will be used- R

sons for this are:

-The change ofr AgVoaptoi
containers) increased the maximum wheel load to 4
T.

- Impact on terminal performance for maintenance a
tivities must be reduced to a minimum in time and
area.
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Tanzania

16 years
(Constructed
1972)

CBP
Sand
Base
Subbase
Capping
Subgrade

120mm

40mm

535mm Lean Concrete
150mm Granular

Nil

> 10% sand

-8 Wheel RTGCOs
- Design Wheel Loail 31.6 T

- No. of Repetition$ N/A

- Design Lifei 25 years

Pavements performing well inau
ing the RTGC runways

Up to 15- 20 mm in RTGC
runways.
Elsewhere minimal rutting

Good performance put down to a robust design (stro
base course layer), good quality blocks and high co
struction stadards.
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Table 2 Old and new classifications

PREVIOUS NAME

NEW NAME FOR BS EN14227- PARTS 1, 2 & 3 (ALL
2004 'HYDRAULICALLY BO UND MIXTURES - SPEQ-

FICATIONS'

Cement Bound Material 1 (CBM1)

Cement Bound Granular Mixture;&
Slag Bound Mixture ¢
Fly Ash Bound Mixture G,

Cement Bound Material 2 (CBM2)

Cement Bound Granular Mixturesg
Slag Bound Mixture &3
Fly Ash Bound Mixture Césg

Cement Bound Material 3 (CBM3)

Cement Bound Granular Mixtures £
Slag Bound Mixture ¢,
Fly Ash Bound Mixture G,

Cement Bound Material 4 (CBM4)

Cement Bound Granular Mixture,£s
Slag Bound Mixture G6
Fly AshBound Mixture Gy16

Cement Bound Material 5 (CBM5)

Cement Bound Granular Mixturex@zs
Slag Bound Mixture €24
Fly Ash Bound Mixture G4

4.2 Cement Stabilised Sand

In situ cement stabilisation has been used in some situations however care needkeo toepo-
duce a durable and uniform base course material with consistent strength.

Where sites have existing sand with reasonable grading in the formation, in situ cemerdt&iabiliz

can offer very economic pavements and high rates of production.

Unfortunately it requires specialist Contractors with the latest equipment to ensure adegunmte mi

moisture control and control of cement content.

4.3 Unbound Crushed Rock

There have been some pavements designed using a high quality crushed rock foibtwe aod
base coursesWhilst these seem to have performed reasonably well in some projects fcnanen
nelizedtraffic, it is suggested that this type of pavement structure would not be suitable for heavy

duty channelizedoads.

5. CONSTRUCTION CONSIDERATIONS

Whi | st CBPO6s

have

performed well for

ance has not been as expected and premature pavement failures have occurred.

manm-y

After reviewing the performance of a number of container terminals around the werle priena-
ture fatigue and pavement failures have been experienced it appears that in most cases-failure o
curs in the base course and underlying layers and not the concrete block paving layer.

This paper has not analysed the pavement design for eacht projies review and it has bees-a
sumed that the pavement structure has been adequately designed and specifiecofalittbesc

and predicted traffic.

prc

What is reviewed are some of the practical construction considerations which are beliewed to co
tributeto poor pavement performance and in extreme cases premature fatese include:
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5.1 Time Limit for Compaction

It is imperative that the compaction of the freshly laid CBM or cement stabilised sand material is
compacted as soon as possible after placefrntthe spreader machine; ideally this should not to
exceed 1% hours from mixing to completion of compaction.

Some extension can be allowed if a PFA Blended Cement is used due to the slower rata-of hydr
tion [MacLeod 1983.

The roller types/combinatiorend number of passes need to be confirmed by a trial pavement b
fore the main pavement construction commences.

5.2 Joints in Base Course

The correct treatment and location of vertical construction joints between adjacent rips of the base
course is essentiaMost of the failures observed were located directly above longitudinal joints in
the base course layer, particularly in pavements where modified bases have been laid using self
propelled spreader machines.

Whilst this offers high production and econome®r wet lean mix special attention needs to be
given to:

1. Joint treatment

It is important when laying CBM that the edges are cut back to sound fully compacted material as
shown inFigurel.

Figure 1. Cut Back Edges.

Unformed joints or joints that diay uncompacted material need to be cut back to a clean straight
edge to expose adequately compacted material before constructing the adjacent bay afhéBM.
minimum cut back of longitudinal and transverse joints shall be to properly compacted matrial
width of no less than one layer depth.
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2. Location of joints

The longitudinal joints between adjacent rips and transverse joints are always a potential pavement
weakness. Therefore, the location of these joints should be positioned away from the etksign
alignment of wheel tracks such as RTGC runway paths or Straddle Carrier travel paths.

Where the required thickness of CBM needs to be made up in more than one layer, jointsyin the la
ers should be staggered verticall4. plan showing the proposed pagits of the joints should be
prepared and approved before commencement of any pavemstuticton.

3. Damage to joints during compation of CBM

CBM base layers can be laid in rips of approximately30o 3. 5m wi de onn-a fhi
ciple whereby dérnate rips are placed, compacted and edges cut back. Infill rips are then placed
and compacted as shownHigure2.

Great care needs to be taken to achieve full compaction of the edges of the CBM rip witekout cau
ing damage to the CBM in the adjacent bay has been observed during the compaction of the
edges that the heavy roller overlaps the adjacent top edge on the recently placed CBM layer in the
adjacent rip which causes damage to these adjacent top edges.

Extreme care needs to be taken when mgltinot to overlap and crush the adjacent top edégng
wet lean concrete as a base course avoids this potential problem as joints are fully compacted to the
surface without any distbance.

Figure 2. Infilling and compacting using 'hit and miss' metfod.

4. Segregation

The mix design and placing of the CBM material needs to be closely monitored to ensure that no
segregation occurs in the surface of the base course layer as sttogur@3, below.
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With the passage of heavy wheel loads displacementrusthiing of this surface layer will occur
under the sand bedding layer ultimately leading to localized failure.

5. Roller induced cracks

Sometimes during the compaction process using steel drum vibrating rollers, small transverse
cracks and crusting of theréace maybe induceBefore the cement bound material sets, aed id

ally as soon as possible after the completion of the rolling with steel drum rollers, these cracks can
be closed up by using a pneumatic mtyted roller(See Figure 4).

“small transverse
cks induced
ring: compaction

Figure 3. Sgregation in finished surface of Figure 4. Roller induced cracks.
CBM.

6. Use of Bitumen Seals on Base Course

The use of bitumen seals to assist in the curing of cement bound materials and to assist in water
proofing the pavement was introduced inthd ear 9 0 6 s i In soeupsofectsagkotexstiles
impregnated with bitumen was specified. performance review conducted by Kang in 2066 r

ported that the geotextile laid under the layingrse material had broken down.

It is important to ensure an evapplication rate, sufficient only to cure the CBM. Excessiveihic
nesses of bimen will lead to contamination of the bedding sand layer and reduce its drainage and
load transfer properties. A bitumen sprayer with a calibrated flow meter should keesistenivn in
Figure 5.

7. Drainage of Sand Bedding Layer and Sub Grade

For the pavement to perform satisfactorily the sand bedding layer needs to be adequately drained
into the permanent site drainagesteyn in a positive manner. This is to:

a) Avoid build y of instantaneous pore water pressure when heavy wheel loads are applied
leading to displacement of jointing sand from the joints together with other fines which will be
pumped to the stace.

b) Minimise the amount of rain water entering the lower paveragers and sugrade.

This problem is particularly prevalent at the bottom of downhill grades at valleys, or against edge
restraints where free water will stand if not drained away quickly. A typical failure is shown in
Figure 6, below.

10
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Figure 5. Application of Bitumen Curing Layer.
Note that the edges of the CBM have been marked ready for saw cutting.

Plate 61 Failure at Interface with Edge Restraint.
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