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SUMMARY

Earlier laboratory research into the material properties that influence the compactability and bearing capacity of
untreated roadbuilding materials showed that the mod. AASHTO compaction test generally does not compact
these materials (o their optimum dry density. This is so because the grading of the material is the single most
important factor that influences both the MDD and moisture regime (i.e. OMC, ZAVMC and CMC) of untreated
roadbuilding materials, Since the mod. AASHTO test requires all particles to pass the 19 mm sieve, the
laboratory grading is often finer than the field grading leading to more internal voids. This in tumn leads 1o a
lower MDD and higher moisture regime (i.e. higher OMC, ZAVMC and CMC), the values of which are then
used on site for compaction control. Furthermore, because compaction of undisturbed samples on the vibratory
compaction table could be compacted to higher maximum dry densities (MDDs) than the MDD(mod. AASHTO)
values, it was recommended that our present compaction stapdards, in terms of mod. AASHTO, should be
checked in the field to determine whether it is possible to increase the dry densities of actual layerwork on actual

road construction projects as well,

The report basically covers this field investigation over a period of three years. The original aim had been to
monitor one construction project in each of the 4 provinces for 3 years. However, in the very first year no
projects could be obtained at all because of the substantial cutback on road construction by the Government.
In the original proposal it was also stated that the provincial authorities would do the site monitoring while the
laboratory evaluation would be done at the Division in order to reduce subsistence and travel costs. However,
the road authorities were no longer available to do the site monitoring. For these reasons it was decided, in joint
discussions with the Department, that both the site and laboratory work would be done by the Division. To limit
subsistence and travel costs it was also decided to use construction sites as close as possible to the CSIR and

to test more than one section on a particular project,’

To make up for the loss of the 91/92 period, two sites were covered in the period 92/93. This work was reported
on in the interim report (IR 91/199). The site monitoring on both sites showed that process control, concerning
the moisture content during compaction, was for all practical purposes, nonexistent. However, for the proper
compaction of untreated roadbuilding materials (i.e, using water as lubricant) the single most important factor,
apart from the gradation uniformity of the material, was the proper control of the moisture content during the
compaction process. The field investigation also showed that when the moisture content was controlled at its
opttmum level, most roadbuilding materials could be compacted to substantially higher dry densities. in terms
of mod.AASHTO, in less than 3 full passes of a large vibratory roller followed by less than 3 full passes of a
large pneumatic-tyred roller. The work also showed that the grid roller was not effective for compaction and
should generally only be used to adjust the grading of the material by crushing over-sized particles until the
material is well-graded(i.e. a wide range of particle sizes). Excessive grid-rolling causes excessive breakdown

of the material leading to finer gradings, lower MDDs. hi gher moisture requirements and lower bearing capacities
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owing to lower dry densities, as well as higher construction costs due o unnecessary rolling. Unnecessary
relevelling of the layerwork with the grader also brought the dry densities back to the original values after the
layer had been levelled the first time following watering and mixing. On account of these observations it was
proposed that an effont should be made in the last year of the project to control the compaction moisture content
more optimally by means of nuclear density/moisture gauges, as well as to roll all layerwork on the controlled
sections to refusal density (i.e. the peint at which further compactive effort does not increase the measured dry

densities or causes a slight drop in the measured dry densities).

In the period 93/94 the TPA construction site between Bronkhorstspruit and Bapsfontein (i.e. the second site of
the period 92/93) was re-used because of its location. Although an effort was made to implement the
recommendations of the interim report, this was not always possible owing to constraints on site, such as the
non-availability of a pneumatic-tyred roller for most of the time, as well as serious problems with the water
supply on site. This meant that most sections were rolled only with the grid and vibratory rollers and some
sections were compacted at moisture contents below the recommended OMC. Even so, the measured dry
densities showed, once again, that if the moisture content is accurately monitored and controlled by means of
a nuclear density/moisture gauge or some other rapid method, it is possible to compact most layerwork to
substantially greater dry densities within a limited number of roller passes (i.e. less than 3 full passes with the
vibratory roller followed by less than 3 full passes of the pneumatic-tyred roller). Material samples were also
compacted in a single layer on the vibratory compaction table to determine their MDD and OMC values without
grading changes. This was done to determine whether it was possible to achieve the substantially higher
densities, obtained with vibratory compaction in the laboratory, on site. These results were also compared with
the predicted résults of the Compactability Software Package, developed from the earlier laboratory investigation,
which uses the material’s actual grading, Atterberg limits and linear shrinkage, and ARDs and BRDs of the
+4,75 mm and -4,75 mm fractions as input information. This was done to verify whether these models could
generally be used to estimate the required moisture content and MDDs. The predicted results proved to be very
close to OMCs and MDDs as measured on the vibratory compaction table in most cases, confirming that these
models can effectively be used in identifying possible causes for compaction problems or to estimate the OMC
and MDD of a material when no laboratory values are available.

The final conclusions of this project are:

« It is absolutely essential that the moisture content of the material be controlled more accurately to ensure
optimal compaction within a minimum number of roller passes.

+ Unnecessary rolling with the grid roller should be avoided. It should be used as a tool to improve the quality
of the grading (i.e. bringing the grading closer to the "ideal grading") and not as a compaction tool.

+ Unnecessary relevelling of the layer should be avoided.
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+ Uniformity in the composition and grading of the material is essential because the grading determines the
moisture requirement for optimal compaction.

* It is possible to estimate the moisture requirement of a material reasonably accurately from its grading,
Atterberg limits. Linear Shrinkage. and ARDs and BRDs of the coarse and fine fractions by means of the
Compactability software package.

+ Excessive rolling can be detrimental, The optimal rolling pattern should be determined for each new material
by observing the compaction growth curve during the construction of a test strip with each new malerial at the
correct moisture content for the particular grading.

+ Because of the lack of process control during compaction in general, it is felt that it would be premature o

lay down fixed standards for the different layers at this stage,

The recommendations are:

+ The present specified compaction requirements should be maintained as the absolute minimum requirement.
However, each layer is to be compacted to refusal density at the correct moisture content for the particular
grading with the specified equipment. The correct moisture content may be predicted by ‘means of the
Compactability Software Package, which can be bought from CICTRAN, and uses the grading, Atterberg limits,
Linear Shrinkage, and ARDs and BRDs of the coarse and fine fractions of the material, or the determination of
OMC from the dry density/moisture content curve for samples compacted on the vibratory compaction table.
* More emphasis should be placed on process control during construction rasther than acceptance control. The
moisture content of the material should be accurately controlled within certain limits for each material. The
optimal rolling pattern for each material should also be determined for cach new material used and this rolling
pattern should be used on subsequent sections constructed from the same material after it has been ascertained
by accurate measurement (nuclear method or rapid drying method presently) that the moisture content is within
the required range. Documented proof of this control should be submitted to the Resident Engineer for each
layer on each section before any acceptance controt testing is done.

* A training programme on the cormrect use of rollers should also be embarked upon.

+ Once the correct construction procedures are generally followed it is proposed that the acceptance control
densities (i.e. measured) of projects be evaluated for a two-year period to assist in laying down new minimum
specification requirements for the dry densities of layerwork.

» The replacement of the mod AASHTO compaction test with a compaction test which does not require the

material grading to be allered, such as the vibratory compaction 1able, should be seriously considered.
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INTRODUCTION

During the investigalion into the compaclability of untreated roadbuilding materials (RDAC
88/030/2) it was found that the laboratory standard for compaction namely the modified AASHTO

compaction test does not optimally compact untreated roadbuilding materials (see Figure 1)°,

MDD(mod AASHTO) (lab.)(%SD)

MDD (vib}(%SD)

Figure 1.: The relation between MDD(mod.AASHTO)(Iahoratory)(%S-D) and
MDD(vibratory compaction table)( % SD)

A comparison of density measurements from HVS sites before and after the HVS tests with the
predicted densities of the compactability model showed that the predicted 100 % mod AASHTO
value (using the total grading and Atterberg limits) agreed well with the original density before the
HVS test. The predicted optimal density also agreed well with the measured densities after the

HVS tests (see Table 1.1),
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1909.5

Table 1.1: Comparison of the measured and predicted densities of materials in different
layers on some HVS sites
Initial Density (kg/m) End Density (kg/m*)
SITE In situ DD MDD(mod)* MDD{vib)lab [In situ DD fMDD(vib)*
ROOLGSH) 1989 19574 1986 2038.6
ROOI3G6) 1962 19574 1996 2038.6
ROOINGE) 1962 19574 1982 20386
ROOI3(GO) 1916 19574 1930 2038.6
-IROOII(GE) 1856 19574 1896 2038.6
ROOI3(G6) 1893 1957.4 1918 2038.6
ROOI4(G3) 1959 119658 2027 12063.8
1iRCOI4(G3) 2023 1965.8 2038 20638
ROOM{(GS) 1927 1965.8 1942 2063.8
UMKOI(G2)  |2283 21950 12368 2330.5
BULT3(G6) 1944 20164 2080 2080.2
BULT3{(G6) 2012 20164 2059 2080.2
BULT3(G6) 1995 20164 2081 2080.2
BULT3({G6) 1929 20164 2190 2080.2
BULT3{G6) 2068 120164 2082 2080,2
BULT4(Go) 1772 20024 1789 20543
BULT4(G6) 2012 20024 2059 20543
BULTHG6) 11930 20024 1982 20543
BULT4(G6) 1893 20024 1966 20543
RICHI{G?2) 2446.,5 12449.7 2560.5 2580.6
RICH2(G4) 1909.5 21129 2130 1997.5 22063
RICH3{GO) 1860 1882.6 1910 | 1939.1
RICH3(G6) 18915 1382.6 1932 1939 4
RICH4(G5) 1920.2 1947 198}

* QOnly one grading and Atterberg limits available for prediction of MDD of a particular layer.
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The results in Table 1.1 clearly show that, if the compactive forces of road traffic are great enough,
the granular roadbuilding materials will be compacted lo their optimal density as determined by

their total gradings and Atterberg limits,

In a report on the permanent deformation in pavements with granular bases and subbases,
Shackleton” concluded that the amount of rutting taking place during the bedding phase of the
pavement could shorten the pavement design life of 20 years (normad rut depth 20 mm) by between
one and eight years. This amounts to a loss of service life of between § - 40 %. Most of this loss
could be avoided if all pavement layers are optimally compacted. The estimated extra compaclion
costs should not exceed 1 % of the project costs. Shackleton also pointed out that apart from the

extra service life because of optimal compaction, the optimal compaction will also contribute to :

“Saving brought about by being able to delay maintenance,
Higher serviceability of the pavement throughout its life.
Reduced vehicle operating costs throughout the pavement’s life.

Beuter safety (less ponding) for the road user.” 2

The investigation into the optimisation of compaction specifications for different pavement layers

is, therefore, warranted,
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ACTUAL SITE WORK

INTRODUCTION

When 1he original project proposal was submitted to RDAC in 1990, the idea was that one lest
section would be monitored in each of the four provinces for the next three years, giving a total
of 12 test sections. It was furthermore proposed and accepted that the provincial road au;.orities
would take responsibility for site control while the laboratory work and data processing would be
done by the Division of Roads and Transport Technology to save on travel and subsistence costs.
However, owing to the severe cutback of govermnment expenditure on roads, most of the road

authorities were unable to assist and no provincial sites were available in 91/92.

As the Division was now responsible for both site monitoring and doing the laboratory work, it was
agreed that construction sites as close as possible to the Division should be used and that more than
one section would be monitored on each construction project. It was also agreed that the number
of sections to be investigated would be determined by the budget, which could mean possibly fewer
than four per annum. To counter the unavailability of construction sites in 1991/92 it was proposed

to try and cover eight sections in 1992/93.
SITE 1 (THE PRETORIA END OF THE PRETORIA-RUSTENBURG TOLL ROAD)

The Department of Transport granted permission for this project to be monitored. Permission was
given in June 1992. Immediate negotiations were started with both the consulting engineer’s (BKS)
site personnel as well as the contractor’s {Basil Read) site personnel to explain what the objectives

of the research were, as well as how the research would be done.,

As proposed in the original document the provincial road authorities (see Appendix A), it was
proposed that the vibratory roller should be balanced 1o ensure uniform compaction results over the
full width of the roll. Each side of the on-site vibratory rofler's roll was weighed : the drum drive
stde (right-hand side) was found to be about 300 kg heavier than the left-hand side of the roll. A
design drawing of the plate to supply the extra mass on the left hand side was supplied to Basil
Read. However, by the middle of Seplember it became clear that the contractor did not intend to
make this plate. [t was therefore decided 1o do the experimental work with the existing construction
equipment instead of waiting any longer, as only small sections of construction stilf remained on

this site,
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As different teams were constructing different Layers, it was decided to try and cover as many of
the different layer types as possible. Only a small section of fill and selecled subgrade had not
been constructed by that time, so the information on these layers is rather limited. Other layers that
were covered in this investigation were the first and second stabilized subbases as well as the

crushed stone base course (hefore stushing).

Rain or breakdown of equipment caused delays from time to time. Rolling was very often delayed
to late in the afternoon which unfortunately meant that the research team could not always stay to

the end of the fAinal rolling of a particular layer.

Furthermore, the contractor’s site personnel very often decided to follow their own approach rather
than that suggested. Despite this deviation from the proposed approach, it was decided to monitor

the effectiveness of the rolling techniques used rather than reduce the number of sites monitored.

The results are, therefore, grouped together in layer type, rather than discussed under a particular
section, The different layers will be discussed in sequential order from the bottom up. As it would
be impractical to show all the results, an extract has been made to show the general trend for each

layer.

THE METHOD OF COMPACTION AND CONTROL PROCEDURE FOLLOWED

The actual technique followed was to determine the compaction growth curve by means of a
nuclear moisture/density gauge. This allows for a large number of readings to be recorded in quick
succession without delaying the compaction process excessively. The recommended compaction
procedure as proposed by the Division of Roads and Transport Technology (see Appendix A for

more detail) entailed the following general sequence ;

(a) Vibratory roller (high amplitude - low frequency combination).
{b) Vibratory roller (low amplitude - high frequency combination).
(c) Pneumatic-tyred roller.

The change-over between roller types had to occur as soon as it was established that the operating
roller type and technique did not show a substantial increase or otherwise a decrease in density
between successive roller passes. Although this technique was generally followed for the final
compaction after the tinal levelling had been done by the grader, the contractor seemed to prefer
(o use the grid roller as the inital compaction ool and tn many cases as many as 6 grid roller

passes were applied before the final levelling.  In the case of fill material, use was made of a
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vibratory tamping-foot roller for the initial compaction and a five sided impact roller for the final
compaction (20 passes). The fill was constructed according to a method specification rather than

a density specification.

For the purpose of achieving uniform density levels the Division recommends that the same
compaction sequence and the same number of passes should be applied to each part of the layer.
This means that only one roller should be used at a time or that the compaction of the layer should
have proceeded far enough for the next roller (e.g. the pneumatic-tyred roller} to start rolling
without the rollers interfering with one another, However, as researchers had to depend on the
cooperation of the contractor (without any binding authority), it happened on this site that the
contractor sometimes used all three main roller types (grid, vibratory and preumatic-tyred roflers)

all at the same time and in a haphazard manner.

" THE DENSITY RESULTS MEASURED

Fill

Only.lwo relatively small sections of fill material, a yellow broken-down shale, remained by the
time the actual research work started. Figure 2.1 shows the measured densities after 6 passes with
the vibratory tamping-foot roller. Note that the densities ranged from 1900 kg/m> at a moisture
content of 12 % to 1 400 kg/m® at a moisture content of 24 %. emphasizing the imponant effect

of moisture content on the densities that can be achieved.

Figure 2.2 shows the measured densities after 20 passes with the five-sided impact roller. The
densities ranged from 2 100 kg/m® at a moisture content of 7 % to about 1 800 kg/m? at a moisture
content of 15 %. The measured density results are once again approximately parallel (o the zero
air voids dry density line (ZAVDD)(i.e. line of total saturation), showing that even the high
compactive forces react in the same way to pore pressure build up. The variation in the measured
dry density results also point 10 one of the pitfalls of a method specification when no limits are
placed on the level of the moisture conlent, Figure 2.3 shows the average measured dry densities
for different layer thicknesses of fill. This figure illustrates that it is possib'le.lo compact thicker

layers of material to uniform densities using impact compaction.
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Figure 2.3: Average measured dry densities for different layer thicknesses of fill as well
as method of compaction
Selected subgrade

Only two sections of subgrade, consisting of 200 mm layer of G6 material obtained SABRIX
quarry and had 0 be compacted 90% mod. AASHTO, were lefL Owing to time delays both
sections could not be properly monitored through the compaction phases. However, it is still
possible to gain some information from the measured results. Figure 2.4 shows the measured dry
densities against the measured moisture contents for two similar gauges at the same measuring
points. Although there are smaller differences between the measured values of the two gauges, the
results agree well with each other. It also shows that the optimum compaclion is achieved when

the material is nearly saturated. This confirms the results of the vibratory compaction table,
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Figure 2.4: Measured dry densities against measured moisture contents for compacted N
b
selected subgrade materials using two CPN nuclear gauges :

Figure 2.5 shows the compaction growth curve for the second scction as far as it was monitored.
The measured results show that the effect of the vibratory roller had reached its cffective limit. The

roller operators were advised apply on one full roller pass with the pneumatic-tyred roller after the

vibratory roller.
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Figure 2.5: The compaction growth curve of the selected subgrade layer

Lower cement stabilized subbase (125 mm thick)

This layer consisted of crushed stone, a G4 material with nominal maximum stone size of 37.5 mm,
from Olifantsfontein quarry to which an amount of fines from another source was added and
stabilized with 2,5 % ordinary Portland cement (OPC). Three sections of this particular layer were
monitored during compaction. The specification required that this layer be compacted to 95 %

mod. AASHTO density. Figures 2.6 t0 2.12 show the influence of the different activities on the dry

density on Section 2,
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Figure 2.10:  Measured dry densities against measured moisture contents for the lower
cement stabilized subbase after one pass with pneumatic-tyred roller (PTR)

on the vibratory compacted section
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Figure 2.11: The compaction growth curve of the lower cement stabilized subbase of
Section 2 showing the average dry densities (measured) against the activity
prior to taking the density measurements {average moisture content value is

printed below data point)
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Figure 2.11 shows that no cxcessive compactive effort was required to achieve acceptable results.
Figures 2.12 and 2.13 show the compaction growth curves for the other 1wo sections. Figure 2.12
shows that lour passes with the grid roller were applied after grading, before the vibratory roller
started. Note that the vibratory roller was not very effective, because the moisture content of the
maleriad was o low (ie. close to CMC value where maximum cohesive forces occur). There was
no water spraycer available on site at this stage (approximately 18:00). After obtaining the services
of such a sprayer and spraying and rolling with the pneumatic-tyred roller, an immediate increase
in the layer dry density was achicved. Note, however, that if too much water is applicd it could

lead to a lowering of the in sit dry density levels.
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Figure 2.12:  The compaction growth curve of Section 3 showing the average dry densities
(measured) against the activity prior to taking the density measurements

(average moisture content value is printed below data point)

For Section 6 the use of the vibratory roller for initial compaction was stongly suggesied.
However, the grader operator (in charge of the team in the absence of a foreman) insisted on doing
half a pass with the grid roller before the half pass of the vibratory roller was applied after which
the section was levelled with the grader (G1 in Figure 2.13). A full pass with the vibratory roller
was then applied as the first phase of the final compaction this the section. However, the grader
operator started grading the section again (G2) insisting that he had not finally graded the section
the previous time. Once again 2 water sprayer had (0 be obtained before finalizing the compaction.
It should be emphasized that at al! times the moisture content level was only visually assessed by

the construction team but never measured.
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Figure 2.13:  The compaction growth curve of Section 6 showing the average dry densities
(measured) against the activity prior to taking the density measurements

(average moisture content value is predicted below data point)

Note that with all the extra rolling of the last two sections (see Figures 2.12 and 2.13) the results
were not markedly better than that of the first section (see Figure 2.11). This clearly shows that

visual assessment of compaction criteria is not very effective at all, even where experienced

personnel are involved.

Upper cement stabilized subbase (125 mm _thick)

The compaction of this layer, consisting of the same material as the previous layer and treated in

the same manner, was monitored on six sections (Sections | and 2 were done at the same lime).

The required density was, however, increased to 97 % mod. AASHTO. The research team was
advised of this only after the first section (Scction 6), using 95 % mod AASHTO as crileria
Figures 2.14 10 2.19 show the compaction sequence activities for this particular section. Problems
were caperienced in compacting this section; it was huer discovered that a different source of fines

had been added 10 this section which influenced the grading.




Dry denalty (kg/m®)

Figure 2,14:

Dry density (kg/m®)

Figure 2.15;

2600
a Mean vaiua
ZAVDD
2100 | -
] 1 1 Il [ i 1 1 1 I 1 H i 1 1 1
180 =55 57 55 61 63 65 67 69

Moisture content (%)

Measured dry densities against measured moisture contents for upper cement

stabilized subbase after one and a half passes with poeumatic-tyred roller

= Maan valua
2100 - /B\\/
-

1 1 I 1 i L

6.6 7 74 78

1 { 1 1 Il

6054 58 62
Moisture contant (%)

Measured dry densities against measured moisture contents for upper cement

stabilized subbase after grading the pneumatic-tyred rolled section




2-14

2600 -
o Mean value

ZAVDD

. N
I e )

Dry denshy (kg/mY)

TR T S NN N £ [T S SR T T
1600 47 49 51 53 55 57 59 6.1

Moisture content (%)

Figure 2.16: Measured dry densities against measured maisture contents for upper cement
stabilized subbase after half a pass with the vibratory roller (high

amplitude/low frequency) on the graded section

o Mean value

ZAVDD

Ory density (kg/m°)
n
8

= ) .:

I o

1600 49 51 53 55 57 59 61 63 65 67 69 .

Moisture coment (%) o

N

Figure 2.17: Measured dry densities against measured maoisture contents for upper cement SR

stabilized subbase after another half a pass with the vibratory roller (low

amplitude/high frequency)
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Figure 2.20:  The compaction growth curve of the upper cement stabilized subbase of
Section 6 showing the average measured dry density against the activity prior
to taking the moisture/density measurements (average measured moisture

content value is printed below data point)

Note that the maximum dry densities are always achieved near to the zero air voids dry density line
{i.e. the material is totally saturated) (see Figures 2.17 and 2.19). Because the density results were
lower than those of the lower cement stabilized subbase, the pneumatic-tyred roller operator was
instructed to apply another pass on one lane to see whether this would increase the density. When
it was noted that the extra effort actually lowered the density, the operator was instructed to apply
only one pass to the rest of the section. Figure 2.20 shows that the average dry density is above
95 % mod. AASHTO after one pass with the pneumatic-tyred roller, but lower than 97 %
mod AASHTO. Tt was only the next day that it was noted that the compaction criteria for this fayer
wias 97 % mod.AASHTO. When the section initially failed to pass the acceptance requirement.
more acceptance tests were done by the consultants and the layer had subsequently passed the
specification requirements. The compaction growth curves of this layer for the other sections are

shown in Figure 2,21 0 2.24,
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The compaction growth curve of the upper cement stabilized subbase of
Section 3 showing the average measured dry density against the activity prior
to taking the moisture/density measurements (average measured moisture

content value is printed below data peint)
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The reason why the average dry density for Section 7 is lower after ). passes with the pneumatic-
tyred roller is because at least half the measurements were taken in the edge lane of the road (see
Figure 2.25).  The compaction growth curve without tking account of these edge lane

measurements is shown in Figure 2.26,
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Figure 2.25: Measured dry densities against measured moisture contents of upper cement
stabilized subbase after half a pass with the pneumatic-tyred roller on the

vibratory-rolled section
The cause of the lower edge lane densities probably lies in a combination of the following:

(a) The material on the edge of a layer is not as well mixed as rest of layer (grading and
moisture content),
{b} The edge lane is sometimes contaminated with some material from the previous layer

which is lying in a windrow on the shoulder of the completed layer work,

The rise in the density growsh curve from VibH{{0).5x) 1o VibL(0,5x) in Figure 2.26 shows (hat on
this section it would have been worthwhile 1o do another half a pass with the vibratory roller using
the tow amplitude/high frequency combination. However. on Section 1,2, 3 and 5 (see Figures
221 10223 the flattening out of the curve from VibH{1).5x) 10 VibL{0.5x) or VibH(1x) seems 10

indicate that one did not stand 1o gatn much from further rolling with the vibratory rolier. In the
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case of Section 3, (see Figure 2.22) the moisturc content of the layer was actually too low (should e
have been closer to 5.0), and the pneumatic-tyred roller had most probably compacted the top 50 |
min of the layer while the lower 75 mm of the fyer was et uncompacted by the initial balf pass

of the pneumatic-tyred rotler immediately after the final grading of the layer. The bridging effect

of the top 50 mm could possibly have been partly overcome if the moisture content had been higher cy
{sce Figure 2.23), but the water sprayer was not available as it was being used clsewhere. In some |
cases the problems with compaction can also be attributed to the fact that the cement had already

started to bond while compaction was still taking place (cxcessive ime spent on mixing and

levelling).
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Figure 2.26:  The compaction growth of the upper cement stabilized subbase of Section 7
showing the average measured dry density against the activity prior to the
moisture/density measurements (minus the readings in the edge lane for §,5 T

"TR) (average measured moisture content value is printed below data point)

Crushed stone base course (150 mm thick)

This layer consisted of a 150 mm layer of G1 crushed quartzite with a nominal maximum size of
37.5 mm from Ferro Crushers which had (o be compacted 10 88 %AD. However, the material

scemed to have a lack of fines and permission was granted 1o add a fine cohesionless sand as

additional fines in somc cases.
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tnvariably the contractor tried to compact the layer first without the additional fines. Most of the
time, however, the layer had to he reconstructed as it did not meet the density or grading
requirements of the specification.  Four sections of his layer were monitored including the
construction and reconstruction of Section 3. The compaction process of this layer was only
monitored in the initial compaction phase prior 1o slushing because the contractor and consultant
did not want the research tcam to disturb the layer during or after slushing. For acceptance control
purposes the consultant drilled the probe holes with a hammerdsill instead of knocking in the
normal peg, to reduce the disturbance of the layer. Figures 2.27 to 2.28 show the compaction

sequence used for compaction of the base course on Sections 1 and 2 (done simultaneously),
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Figure 2.27: Measured dry densities against measured moisture contents for base course

layer of Sections 1 and 2 after initial grading with grader
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Figure 2.28: Measured dry densities against measured moisture contents for base course o
Sy
layer of Sections | and 2 after initial two passes with grid roller and one pass
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Figure 2.29: Measured dry densities against measured moisture contents for base course _ i'

layer of Sections ! and 2 after final grading with grader
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Figure 2.30: Measured dry densities against measured moisture contents for base course
layer of Sections I and 2 after half a pass with vibratory roller (high

amplitude/low frequency)
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Figure 2.31: Measured dry densities against measured moisture contents for base course
layer of Sections ! and 2 after half a pass with vibratory roller (low

amplitude/high frequency)
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Figure 2.32: Measured dry densities against measured moisture contents for base course

layer of Sections I and 2 after one full pass with vibratory roller (low

amplitude/high frequency)
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Figure 2.33: Measured dry densities against measured moisture contents for base course
laver of Sections 1 and 2 after one and a half passes with vibratory roller

(tow amplitude/high frequency)
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Figure 2.36: Measured dry densities against measured moisture for base course layer of
Sections ! and 2 after one and a half passes with pnenmatic-tyred rolter
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Figure 2.38:  Compaction growth curve of the base course layer of Sections 1 and 2
showing the average measured dry density against the activity prior to taking

the moisture/density measurements {average measured moisture content

value printed below data point)

The compaction growth curves for the base course layers of Sections 7 and 3 and the reconstructed

base layer of Section 3 are shown in Figures 2.39 10 2.41.
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Compaction growth curve of the base course layer of Section 3 showing the
average measured dry density against the activity prior to taking the
moisture/density measurements (average measured moisture content value

printed below data poeint)
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Compaction growth curve of the reconstructed base course layer of Section 3
showing the average measured dry density against the activity prior to taking
the moisture/density measurements (average measured moisture content

value printed below data point)
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Figure 2.41: Compaction growth curve of the base course layer of Section 7 showing the
average measured dry density against the activity prior to taking the
moisture/density measurement (average measured moisture content value

printed below data point)

Note from Figures 2.38 to 2.41 how much the layer is actually disturbed by the grading (levelling)
process. Unnecessary levelling by the grader is therefore counter productive. From Figures 2.39
and 2.40 it would seem that the initial construction of the base course layer was more successful

than the reconstruction. There are a number of reasons for this namely:

(a) An excessive amount of ¢xtra fines was added to the fayer as it was practically impossible

to add the required amount, unless a chip-spreader was used (not available),

(b) On the reconstrucled layer the foremen insisted in over-applying the water. This also

applies to Section 7.

By [8:00 when it was clear that extra rolling would still be required to compact this layer to
specification requirements, The slushing process on this reconstructed layer on this section (Section
7) as well as on Sections 1 and 2, which also had (o be reconstructed owing to a lack of fines, 100k

two full days in cach case to rid the layer of the excess fines. The tremendous construction effort
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construction cffort required to comect for small grading errors. once again emphasizes the
importance of process conwrol of the grading ol G| material prior to compaction.
Similarly. the etfective control of the moisture content will lead to substantial savings in the

compactive effort required o compact & layer optimally.

Figure 2.42 shows the average measured densities as well as the back-calculated zone densities at
the "initial stage”. It should be pointed out that a substantial amount of compactive effort had
already been applied at this stage. The zone density was calculated as follows (zones of 50 mm

were used).

D, = Dy, (average) D = Dy . 5p (zone)
b, = D, gp (average) D,/ = Dsg . 100 (zONE)
D, = D5 (average) Dy = Dyog. 150 (zONE)
D, = D,
D, = Dy + D)2
D, = 2D,-D;'= 2D, -Dy
D, = (D, + Dy’ + D33
D, = 3D, - (D, + Dy}
= 3.Dy - 2.0,
b’ = nD, - (n-12.D (general equation) ... ... ... en 2-1)
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Figure 2.42: Average measured dry densities for different depths including back scatter
(zero depth) as well as back-calculated average zone dry densities agai-nsf

depth of measurement

Figure 2.42 shows that the bottom of the layer is already well compacted (between 85 % SD and
88 % SD) while the top portion of the layer is still loose. The farge difference between the back
scatter methed (zero depth) and direct transmission in the measured dry density results also shows

why the back scatter readings are not acceptable for either process or acceptance control purposes.

SITE 2 (THE RECONSTRUCTION OF THE BRONKHORSTSPRUIT-BAPSFONTEIN
PROVINCIAL ROAD)

Permission was granted in principal by the TPA Roads Department for the use of ali the

construction done by department as possible test sections for this particular project.

A number of other construction projects were also considered for possible use, including the
reconstruction of the road between Pietersburg and Louis Trichardt and construction in the Low-

veld area. However, the distance between the CSIR and these construction sites was 00 great 1o

include them in the study.

Because the reconstructed road hetween Bronkhorsispruit and Bapsfontein covers varying material

types. and is within reasonable distance from the CSIR (approximatety 60 km), it was decided 1o
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monitor more than one section on this site as well. The aim is to do the final site monitoring for

the 1993/94 financial year on this project as well.

Owing to staff limitations, it was further decided to concentrate on one construction site at a time,
rather than monitor both sites at the same ume. Therefore, the actual investigations on Site 2
started at the beginning of December 1992, Since the period December to March falls in the rainy

season, quite a number of construction delays were experienced from the beginning of December.

Prior to starting the site investigation, discussions were held with the site staff to explain the aim
of the investigation, and the actual procedure that would be used on site. A special meeting was
also held with site foremen, after it was found that the present compaction procedure differed from
that proposed. Rollers tended to do half passes, sometimes with a different roller directly behind
the first one, leading to unidirectional compaction procedures. In rushed situations, rolling would

be done in a haphazard fashion, usually involving the grid and preumatic-tyred rollers.

Information on the compaction of the following layers was gathered in the 1992/93 peried:

(a) Crushed stone base (4 sections)
(b) Second stabilized subbase (2 sections)
{c) First stabilized subbase (4 sections)
(d) Second selected subgrade (1 section)

The results on a particular layer will once again be grouped together.

THE DENSITY RESULTS MEASURED

Second selected subgrade (upper)

The material was obtained from one of the new cuttings of the road and consisted of sandstone
rubble which had to be broken down by the grid roller. After the material had been broken down
10 an acceptable size (G5-G6), the final compaction of the layer was done. Figures 2.43 10 2.48
show the results obtained by the scparate compaction activities, while Figure 2.49 shows the

compaction growth curve of the layer.
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Figure 2.43; Measured dry deasities against measured moisture contents on second
selected subgrade layer after one pass with the grid roller following initial
mixing and levelling
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Figure 2.44: Measured dry densities against measured moisture contents on second

selected subgrade after half a pass with grid roller on firally graded layer
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Figure 2.45:  Measured dry densities against moisture contents on second selected
subgrade layer after one pass with grid roller on finally graded layer K
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Figure 2.46: Measured dry densities against measured moisture contents of second

selected subgrade after half a pass with pneumatic-tyred roller on grid-rolled

fayer




2100 i
o Mean value

ZAVDD

Dry density (kg/m)
8

1500 33 4 16 18 20

Moisture contant {%)

Figure 2.47:  Measured dry densities against moisture contents of second selected subgrade
after one pass with vibr:itory roller on pneumatic-tyred rolled layer (half

pass)
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Figure 2.48: Measured densities against measured moisture contents of second selected

subgrade layer after one pass with pneumatic-tyred rolier on vibratory-rolled

layer
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Figure 2.49:  The compaction growth curve of the second selected subgrade layer of A
Section 3 showing the average measured dry density against the activity prior
to taking the moisture/density measurements (average measured moisture )

content value is printed below data point)

Figure 2.49 shows that the grid and pneumatic-tyred roller do not have a significant effect on the
initial compaction. However only one pass with the vibratory roller brought the dry densities right o
up 1o the zero air voids dry density line (see Figure 2.47). This once again emphasizes the fact that

a test strip is necessary W determine the optimal rolling pattem.

2.6.2 First stabilized subbase (lower)
)
Four sections of this particular layer were monitored. ‘The subbase material is obtained from a e
nearby bomowpit and consists of a hard shale material (G5-G6). Figures 2.50 to 2.55 show the o, ;
results obtained by the separate compaction activities of Section 8 while Figure 2.56 shows the #

compaction growth curve of the section. The compaction growth curves for the other three sections

are shown in Figures 2.57 10 2.59.




Dry density (kg/in°)

Figure 2.50:

Dry density (kg!ms)

Figure 2.51;

2100
a Mean value
ZAVOD
1800 -
g
0T 54 68 72 78 8 84 89 9z
Moisture content {%)

Measured dry densities against measured moisture contents of first stabilized

subbase layer after half a pass with grid roller following mixing and levelling

2100 o Maan value
N ZAVOD

1800 [

1500 . 11

Moisture content (%}

Measured dry densities against measured moisture contents of first stabilized

subbase layer after one pass with grid roller




2100
o Mean value
| ZAVDD
Ck\ i
C‘f‘ - \\\ ¢
E .
)
=
£ 1800+ ,
2
[+
-} n ]
[ - i
a
o
1500 6 7 ] 9 10 i
Molsture cortent (%} =
Figure 2.52: Measured dry densities against measured moisture contents of first stabilized '
subbase layer after half a pass with vibratory roller on grid-rolled layer A,
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Figure 2.53: Measured dry densities against measured moisture contents of first stabilized

subbase layver after one pass of vibratory roller on grid-rolled layer
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Although the measured dry densities of Section 8 did not quite reach the zero air voids dry density
line (see Figure 2.55), the measured dry densities did meet the specification requirement of 95 %
mod. AASHTO density {see Figure 2.56). On the other three sections the measured dry densities
did not satisfy the density requirement even though the measured dry densities came right up to the
zero air voids density line (see example for Section 9 in Figure 2.60). This clearly emphasizes the

tremendous importance of proper control over the moisture conlent.
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Figure 2.60:  Measured dry densities against measured moisture contents of first stabilized

subbase layer of Section 9 after one and a half passes with pneumatic-tyred

roller

Note that although some of the measured dry densities points are above the zero air voids dry
density line in Figure 2,60, this is not theoretically possible. The reason for this happening is that
the estimated value of the relative solid density of the material was not totally correct. However.
the fact that the measured points plot parallel 1o this line clearly indicates that the maienal is

effectively saturated {i.e. all the voids are either fitled with water or air which cannot be dissipated).

Second stabilized subbase (upper)

Two sections of this particular layer were monitored in the 1992/93 period. The layer was
constructed from the same material as the first stabilized subbase layer. Figures 2.61 to 2.65 show
the results obtained by the separate activities for Section 4 while Figures 2.66 and 2.67 show the

compaction growth curves of the layer [or both sections.
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Figure 2.65:  Measured dry densities against measured moisture contents of second
stabilized subbase layer after one pass with vibratory roller on grid-rolled
layer
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The compaction growth curve of the second stabilized subbase of Section 4
showing the average dry density against the activity prior to taking the
moisture/density measurements (average measured moisture content value is

printed below data point)
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Figure 2.67:  The compaction growth curve of the second stabilized subbase of Section 1 i
showing the average measured dry density against the activity prior to taking
the moisture/density measurements (average measured moisture content is

printed below data point)

Figures 2.66 and 2.67 show that neither the grid roller or the pneumatic roller are very effective
for the initial compaction. [n both cases the layer was not finished off with the pneumatic-tyred

roller as is usually done. The particular foreman did not require a pneumatic tyred roller on his

compaction team,

2.64. Crushed stone base course (G1)

Three sections of this particular layer were monitored in the 199293 period. The layer was R :

constructed from a crushed quanzite stone obtained {rom a quarty at Bronkhorstspruit. Figures 2.68
to 2.72 show the compaction results oblained by the separate compaction activities for Section 5

while Figures 2.73 10 2.75 show the compaction growth curves of the layer for the three sections.

Note the compaction of the base course layer was only monitored in the initial compaction phase

prior 1o slushing.
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Figure 2.70: Measured dry densities against measured moisture contents of the crushed

stone base course layer after one pass with the grid roller on the graded

layer
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Figure 2.71: Measured dry densities against measured moisture contents of the crushed

stone base course after half a pass with the vibratory roller on the grid-rolled

layer
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Figure 2.74:  The compaction growth curve of the crushed stone base course of Section 3 Y

showing the average measured dry density against the activity prior to taking
the moisture/density measurements (average measured moisture content
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THE WORK AT THE BRONKHORSTSPRUIT CONSTRUCTION SITE IN 1993/94

As mentioned earlier, the decision was taken to continue the monitoring of the compaction
procedures on the TPA construction site on the road between Bronkhorstspruit and Bapsfontein in
the financial year 1993/94. The main reason for this was the that there were no other road
construction projects close to the CSIR campus. Another reason was that cordial relations had
already been established with the construction staff on this particular site, which meant that the

monitoring could be effectively executed without further briefing to site personel.

The original plan had been to obtain the after-compaction gradings, Arterberg limits, and Linear
Shrinkage values for different pavement layers of the completed sections and use these together
with the ARDs and BRDs of both the coarse (>4,75mm) and fine (<4,75Smm) fractions, to determine
the predicted values of MDD(mod. AASHTO) and MDD(vibratory) as well as the predicted values
of the moisture regime (OMC(mod. AASHTO), 'OMC(vibralory). ZAVMC(mod. AASHTO),
ZAVMC(vibratory) and CMC) for each of the layers (constructed from the same material) by

- means of the compactability software package. The predicted values of the OMC would then be

" used as the control value for moisture content on site. Acfual compaction was not to commence

unless the marerial was at OMC. Unfortunately the site laboratory had difficulty in supplying this
information. Therefore use was made of the OMC (mod. AASHTOQ) as determined by the field
laboratory. In general, the cooperation was excellent, for which the Division would like to express

it sincere gratitude,

Problems experienced included:

» initial resistance from some the site staff to new approaches. For example distrust was expressed
in moisture content values measured with the nuclear density/moisture gauges when readings as
high as 23% were recorded instead of the anticipated 14%,

« site staff including roller operators, being dependent on staff transport, finished work at
approximately 16h15 so that the recommended rolling sequence was not completed on some sites,
+ layers were compacted with a grid and/or vibratory roller only, because no pneumatic-tyred roller
was available,

+ severe shortage of water for compaction purposes was experienced on site at one stage. To
convey water from the nearest available point took more than one hour which meant that often the
material had already partially dried before the next load of water arrived. Thus the required OMC
was not always reached.

+ on another fairly long section, which the construction team tried to handle in toto on a very hot
and dry day, the required OMC was just never reached. However, because this was a cemenl

stabilized layer (i.e. second subbase)(Section 1), it was imperative that the layer be compacted the
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same day, The construction team therefore, decided to try and compact the layer at this low
moisture content. The dry density resulis of this section were substantially lower compared o those

ol the same layer for the other sections.

Positive developments included:

+ reduced use of grid rollers as compaction equipment, and acceptance of this roller as a wol W
improve the grading of the material,

« effort spent on grader evelling was also optimized and for most sections the layers were levelled
once only before the compaction cycle was stared.

+ in general the compaction cycle started only after the monitoring team was satisfied thar the
material was very close 10 or at OMC for that particular layer. There were a few exceptions o this

despite the prablems mentioned.

On the whole the dry density results confirm that it is possible to compact roadbuilding materials
(both treated and untreated) to substantially higher dry densities than the present specification
requirements. Even more encouraging is the fact that the earlier observation that the amount of
compactive effort required could be greatly reduced with proper moisture content control was again
confirmed. This means that the compaction standards of roads can generally be improved without
an increase in roadbuilding costs and that with proper moisture content control the contractor could

even increase his productivity by cutting out unnecessary rolling and watering,

Initially, monitoring was underiaken regardless of the schedule of the construction team. This was
very haphazard and unsatisfactory and a lack of adequate communication failed to establish whether
any compaction was, in fact, scheduled so that at imes fruitless site visits were made by the team.
A number of meetings were subsequently held with the resident engineer and his staff and it was
agreed that four specific sections would be allocated to the Division to monitor the compaction
process for all constructed layers. The sections were marked and the Division advised of

compaction work. The sections were at the following positions:

« Section 1: 21600 - 22200
= Section 2; 27900 - 28500
« Section 3: 29300 - 29900
» Section 4; 17300 - 17600

It may be interesting 1o evaluale the performance of these sections against their individual
construction records with time. Apart from monitoring the compaction process, samples of the

material were taken to the Division to determine its after-compaction grading, Atterberg limits,
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Linear Shrinkage (LS). Shakedown Bulk Density. and the ARDs and BRDs of both the coarse
(+4.75mm) and fine (-4,75mm) fractions. Because it is extremely difficult to determine the BRD
of the fine fraction. it was assumed that BRD was equal to ARD of this fraction. The laboratory
results of each layer were then used together with the compactability software package developed
by the Division to determine the predicted MDDs and moisture regime for comparison with density
results as well as the site laboratory's MDD(mod. AASHTO) and OMC(mod. AASHT 0) resulis (see
Appendix A for the above resulls),

The aim was to monitor the compaction process from the roadbed up to base course level,
Unfortunately very little fili was left by the time the four sections were allocated; only one of these

sections involved some &Ml construction. The pavement consisted of the following layers:

* Crushed stone base - 150 mm thick

= Upper stabilized subbase - 150 mm thick
* Lower stabilized subbase - 150 mm thick
* Upper selected subgrade - 150 mm thick
» Lower selected subgrade - 150 mm thick
« Fill

The results on a particular layer are grouped together for discussion purposes.
THE DENSITY RESULTS MEASURED

Fill

Although only one fill layer was monitored on one of the allocated sections, two other fill sections
were monitored on other sections. The same CPN nuclear surface gauges were used on all of these
sections. No bias adjustment to the measured moisture content was done at any time. Past
experience with these particular instruments showed that it is generally unnecessary to adjust the
moisture content reading of these instruments. The only likely exception is very heavy clay
materials containing a certain amount of bound water, which is not driven off at 105°C during oven
drying. The results of the fill layer near the large cutting are used as the example in this case. The
measured dry density results at different stages of the compaction phase are shown in Figures 2.76
to 2.79 and the compaction growth curve in Figure 2.80. The compaction growth curves for the
other two fili layers are shown in Figures 2.81 and 2.82 respectively. Fills were generally
constructed from a red shale obtained from cuttings. The quality of the shale was generally G5 with

a small amount of G6 and only once G7.
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Figure 2.82: The compaction growth curve of the fill layer on Section 1 showing the
average measured dry density against the activity prior to taking the
moisture/density measurements (average moisture content value is printed

below data point)

Figures 2.76 to 2.79 show that both the grid roller and vibratory roller had very little influence on
the dry density when the material is 100 wet, but as soon as the moisture content was correct there
was a substantial increase in dry density (see Figure 2.79). The higher dry densities were recorded
on the upper side of the curve camber and the lower dry densities on the lower side of the curve
camber. Thus after only one full pass of the vibratory the specification requirement of
90% mod. AASHTO density had already been met in many areas. Unfortunately the compaction
process was terminated at this stage because the roller broke down. As the compaction growth
curve was still rising at this stage (see Figures 2.80), it is highly likely that subslantially higher
density levels could have been achieved if the compaction process had continued until refusal
density had been reached. Figure 2.79 shows that the moisture content of the material in some
areas was already above OMC because the dry density results plot parallel and near 1o the zero air
voids dry density (ZAVDD} line. The compaction growth curve in Figure 2.81 also shows that it

is impossible to effectively compact this fill material when the moisture content is above OMC,

Lower selected subgrade

The lower selected subgrade layer was not constructed from the same material on all four sections.

On three of the sections a red shale material (G5-G6) was used. On the fourth section (Section 2)
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brown loamy soil (G5) was uscd. Although three of the sections were constructed {rom more or
less similar material their MDD{mod. AASHTOQ) values as determined by the site laboratory di.ffcrcd
substantial. The values were 1967, 2200 and 2050 kg/m? for Scctions 1, 3 and 4 respectively. The
measured dry densities against the measured moisture contents after different activities during the
compaction scquénce of this layer on Section { are shown in Figures 2.83 1o 2.87 and the
compaction growth curve in Figure 2.88. Figures 2.89 10 2.90 show the compaction growth curves

for this layer on Sections 2, 3 and 4 respectively.

The growth in Figure 2.88 shows that the grid rofler had very little effect in gencral on the
compaction after the first half pass. On the other hand the vibratory roller still had a substantial
influence after one pass. Unfortunately the compaction process was terminated after one full pass
with the vibratory roller instead of rolling to refusal density. Figure 2.90 also shows that the effect
of the grid roller on the compaction process had reached its limit after about one pass; the dry
densitics were still increasing after one pass with the vibratory roller when the compaction process
was terminatcd. Note that the slope of the compaction growth curve for the vibratory roller is less
steep than in Figure 2.88. This was probably because the material on Section 3 was compacted on
the dry side of OMC, thereby decreasing the effectiveness of the vibratory roller. The compaction
growth curve in Figure 2,91 shows a similar tendency. However, this was due to the matenal
actually being too wet (i.e. above OMC)(see Figures 2.92 and 2.93 as well). Note that the
measured dry densities plot parallel to and near to the ZAVDD line, which means that the moisture

content was actually too high.
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Figure 2.83: Measured dry densities against measured moisture contents on lower selected

subgrade layer after levetling with grader
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Figure 2.86: Measured dry densities against measured moisture contents on lower selected

subgrade layer after half a pass with vibratory roller following on grid roller
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Figure 2.87: Measured dry densities against measured moisture contents on lower selected

subgrade layer after one pass with vibratory roller
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Figure 2.92: Measured dry densities against measured moisture contents on lower selected

subgrade layer after one pass with vibratory roller on Section 3
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Figure 2.93: Measured dry densities against measured moisture contents on lower selected

subgrade layer after one and a half passes with vibratory roller on Section 4
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Upper selected subgrade

The materia) used for the upper selected subgrade was a red shale material (G5-G6) for Sections
1 and 3, and a dark brown loamy material (G5) for Sections 2 and 4 respectively. The measured
dry densities against the measured moisture contents after the different activities of the compaction
cycle on this layer for Section 2 are shown in Figures 2,94 to 2.99 and the compaction growth
curve in Figure 2.100. The compaction growth curves for the other three sections are shown in

Figures 2.101 to 2.103 respectively.

Figure 2.100 shows the results of a slight differcnce in moisture content. It seems that where the
material is slightly above optimum at 10,4 % and an extra half pass with the vibratory rotler had
no influence on dry densities, the dry densities increased substantiaily when (he moisture content
dropped to 9,8%. Figure 2.100 shows that the grid roller has a very limited influence on the dry
densities compared to half a pass of the vibratory roller. The sudden flattening of the compaction
growth curve for next half pass of the vibratory roller is duc 10 the material being too dry, because
with a slight increase in the moisture content there is a substantial increase in the dry density fevel.
Figures 2.102 and 2.103 indicate that the materials were probably tco wet to compact optimally.
Figure 2.104, showing the measured dry densities against the measured moisture contents for
Section 4 after one pass with the vibrawory roller, confirm this conclusion. Applying more
compactive effort would have been pointless until there was a substantial decrease in the moisture

content of the layer.
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Figure 2.94:  Measured dry densities against measured moisture contents on upper selected
subgrade layer after hall a pass with grid roller following mixing and

levelling
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Figure 2.97: Measured dry densities against measured moisture contents on upper selected

subgrade layer after half a pass with vibratory reller following on grid roiler
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Figure 2.98: Measured dry densities against measured moisture contents on upper selected = :'

subgrade layer after one pass with vibratory roller
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Figure 2.101: The compaction growth curve of the upper selected subgrade layer on

Section 1showing the average measured dry density against the activity prior 4
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Figure 2.102: The compaction growth curve of the upper selected subgrade layer on

Section 3 showing the average measured dry density against the activity prior
to taking the moisture/density measurements (average moisture content value

is printed below data point)
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Lower stabilized subbase

The lower stabilized subbase was constructed of weathered sandstone material (G5-G6) in the case
of Section 1. from a greyish shale in the case of Sections 2 and 3, and from a reddish shale in the
case of Section 4. The mod. AASHTO densities, as determined by the site laboratory, were 2125,
2125, 2100 and 2042 kg/m> respectively. The measured dry densities against the measured
maisture contents after the different compaction activities for Section 2, are shown in sequential
order in Figures 2.105 to 2.109 and the compaction growth curve in Figure 2.110. The compaction

growth curves for the other three sections are shown in Figures 2.111 to 2.113 respectively.

Figure 2.110 shows an immediate drop in the dry density levels during grid rolling when the
moisture content is too high. As soon as the moisture content was lowered, there was a substantial
increase in the dry density levels as shown by the mean result after half a pass with the vibratory
roller. Note, however, that the increase in density dropped off wemendously during the next half
pass of the vibratory roller, owing to an increase in moisture content. The results in Figure 2.109
also indicate that the material was too wet, because the resulis are more or less parallel to and near
to the ZAVDD line. The flat slope of the growth curve of Figure 2.111 indicates that the material
on Section 1 was too dry. This is confirmed by the results in Figure 2.114 showing that the
measured dry densities after one pass with the vibratory roller on this section were far from the
ZAVDD line. The flat slope of the growth curve in Figure 2.112 indicates that the material in
Section 3 was too wet (also see Figure 2.115 which shows that the dry density results plot parallel
to and near to the ZAVDD line). Figure 2.113 shows that this was also the case with Section 4

(also see Figure 2.116).
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Figure 2.105: Measured dry densities against measured moisture contents on lower
stabilized subbase layer after half a pass with grid roller following mixing

and levelling
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Figure 2.106: Measured dry densities against measured moisture contents on lower

stabilized subbase layer after one pass with grid roller
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Figure 2.107: Measured dry densities against measured moisture contents on lower

stabilized subbase layer after two passes with grid roller
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Figure 2.108: Measured dry densities against measured moisture contenis on lower

stabilized subbase layer after half a pass with vibratory roller following on

grid roller
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Figure 2.112:  The compaction growth curve of the lower stabilized subbase layer on

Section 3 showing the average measured dry density against the activity prior
to taking the moisture/density measurements {average moisture content value

is printed below data point) oy
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Upper stabilized subbase

The upper stabilized subbase was also constructed from different materials on the different sections,
The layer on Section | was constructed from material similar to that used for the lower stabilized
subbase. namely a weathered sandstone material (G5-G6). However, the mod. AASHTO density
value given for this layer by the site laboratory was 2007 kg/m?, which is more than 100 kg/m? less
than the mod. AASHTO density value for the lower siabilized subbase. The mod. AASHTO density
was therefore checked with the compactability software as well as by determining a mod. AASHTO
density in the iaboratory. The layer on the other three section was mainly constructed from a grey
shale (G5-G6) with some red shale fines added in the case of Section 2. The mod. AASHTO
densities, as determined by the site laboratory, for Sections 2, 3 and 4 were 2100, 2100 and 2123
kg/m’ respectively. The measured results of the different operations during the construction of this
layer on Section 3 are given in sequential order in Figures 2.117 to 2,124 and the compaction
growth is shown in Figure 2.125. The compaction growth curves for the other three sections are

shown in Figures 2.126 to 2.128 respectively.

The measured resulis of the compaction sequence of this layer on Section 3, as shown in Figures
2.117 t0 2.123, show that the material was too wet. The flat slope of the compaction growth curve
in Figure 2,124 also shows that as scon the material is too wet no roller can effectively compact
the material owing to the build up of porewater pressure. The much steeper slope for less
compactive effort of the compaction growth curve of Section 2 in Figure 2.126 confirms that it is
relatively easy 10 compact roadbuilding materials provided they are at the correct moisture content,
Refusal density for this layer had definitely not been reached when compaction was terminated.
The reason for this statement is the fact that the growth curve was still increasing. Normally the
dry density of a layer will increase by a few percentage points when it is rolled with a pneumatic-

tyred roller after vibratory compaction.
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Figure 2.117: Measured dry densities against measured moisture contents on upper

stabilized subbase layer after half a pass with grid roller following mixing

and levelling b |
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Figure 2.118:  Measured dry densities against measured moisture contents on upper

stabilized subbase layer after one pass with grid roller
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Figure 2.119:  Measured dry densities against measured moisture contents on upper

stabilized subbase layer after one and a half passes with grid roller
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Figure 2.120: Measured dry densities against measured moisture contents on upper

stabilized subbase layer after two passes with grid roller
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Figure 2.121: Measured dry densities against measured moisture contents on upper

stabilized subbase layer after half a pass with vibratory roller following on Ty
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Figure 2.122; Measured dry densities against measured moisture contents on upper

stabilized subbase layer after one pass with vibratory roller
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Figure 2.125: The compaction growth curve of the upper stabilized subbase layer on
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Figure 2.126: The compaction growth curve of the upper stabilized subbase fayer on
Section 2 showing the average measured dry density against the activity prior

to taking the moisture/density measurements (average moisture content value

is printed below data point)
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Figure 2.127: ‘The compaction growth curve of the upper stabilized subbase layer on
Section 4 showing the average measured dry density against the activity
prior to taking the moisture/density measurements (average moisture content

value is printed below data point)

Crushed stone bagse

The base course on Sections 1 to 3 was constructed from crushed quarizite material (G1) obtained
from a crushing plant at Bronkhorstspruit. From Scction 4 onward towards Bapsfontein the base
course was constructed from a quartzite material (G1) obtained from Hippo Quasries in Benoni
because this source was closer. The mod.AASHTO densities of the site laboratory for Sections 1,
2, 3, and 4 were 2275, 2200, 2250 and 2200 kg/m’ respectively and the MDDyvib densities were
2345, 2340, 2330 and 2320 kg/m’ respectively. The measured results after the different
construction activities for this layer on Section 1 are shown in Figures 2.129 to 2.132 respectively
and the compaction growth curve is shown in Figure 2.133. The compaction growth curves for the

other three sections are shown in Figures 2.134 to 1.136 respectively.

The compaction growth curve of the crushed stone base of Section 1, shown in Figure 2.133, shows
once again that even crushed stone materials can be compacted to high densities levels with very
little compactive effort provided the moisture content is properly controlled.  If the actual
compaction sequence had been completed with a pneurnatic-tyred roller as recommended, the dry
density levels would still have been a few percentage points higher, because the top 50 mm layer
of cohesionless material, like crushed stone materials, always shakes slightly loose owing 1o the

vibratory forces acting over a wider area than that just below the drum of the roller, Figure 2.134
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shows that the maleriad in Section 2 was oo dry and lh.al the material was all hut properly
compacted when the initial compaction cycle was tenninated after onc and half cycles of the
vibratory roller. The difference in the dry density in this case will therefore require far more
compactive effort during the slush rolling cycle, which nurmaily only effects the dry density of the
upper 50 mm of the layer. If slush rolling does not bring the dry density requirement to the
specified dry density level of 88 %SD, the section may have to be ripped and recompacted. The
same applies to the base layer of Section 3 (see Figure 2.135), which was also too dry and received

far (oo little compactive effort.

The crushed stone for Section 4 was supplied by Hippo Quarrics in Benoni because this source was
closer to the section than the previous source. From this point onward the new source was used
on this site. The compaction growth curve (see Figure 2.136) shows that the moisture content of
this material was below OMC. However, the growth curve shows that it is possible to achieve dry
densitics in excess of 85 %SD within the scope of 2 to 3 passes with cach roller type. To reach
88 %SD slush-rolling of the layer will be required. This was also the only section on which a
pneumatic-tyred roller (PTR) was available. The PTR results on the growth curve show that the
pneumatic-tyred roller does increase the density of the layer and should, therefore, form part of the

standard compaction team.
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Figure 2.128: Measured dry densities against measured moisture contents on crushed stone
base layer after half a pass with vibratory roller following mixing and

levelling
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Figure 2.129: Measured dry densities against measured moisture contents on crushed stone

base layer after one pass with vibratory rolier
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Measured dry densities against measured moisture contents on crushed stone

base layer after one and a half passes with vibratory roller
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Figure 2.131: Measured dry densities against measured moisture contents on crushed stone
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Figure 2.132:  Measured dry densities against measured moisture contents on crushed stone

base layer after two and half passes with vibratory roller
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Figure 2.133:  The compaction growth curve of the crushed stone base layer on Section 1
showing the average measured dry density against the activity prior to taking
the moisture/density measurements (average moisture content value is

printed below data point)
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Figure 2.134:  The compaction growth curve of the crushed stone base layer on Section 2
showing the average measured dry density against the activity prior to taking
the moisture/density measurements {average moisture content value is

printed below data point)
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The compaction growth curve of the crushed stone base layer on Section 3
showing the average measured dry density against the activity prior to taking
the moisture/density measurements (average moisture content value is

printed below data point)
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The compaction growth curve of the crushed stone base layer on Section 4
showing the average measured dry density against the activity prior to taking
the moisture/densily measurements (average moisture content value is

printed below data point)
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RESULTS OF THE VIBRATORY COMPACTION TABLE

Material samples from most of the layers on the test sections were taken for laboratory evaluation,
In the laboratory the fuli grading curve, Atterberg limits and Linear Shrinkage of the -0.425mm
material, the ARD and BRD of the +4.75 mm and the ARD of the -4.75 mm fractions of the
materials were firstly determined for use with the Compaciability Software Package to predict both
the MDDs and OMCs of the different layers (see Appendix B for the prediction results), The
materials were also compacted in a single layer on the vibratory compaction table for a range of
moisture contents to determine the vibratory compaction MDDs and OMCs (see the graphs in
Appendix B). Tables 2.1 and 2.2 summarize the predicted and measured MDDs, OMCs and
ZAVMCs. )

The wbles show that, in general, reasonable predictions of the MDDs and OMCs of untreated
roadbuilding materials can be made from the indicator test results and ARDs of the +4,75 mm and -
4,75 mm fractions and the BRD of the +4.75 mm fraction. Although the measured and predicted
MDD(vib) values sometimes differ somewhat, the measured OMC(vib) and the predicted
ZAVMC(vib) agree remarkably well with each other, Where this investigation has shown that the
critical factor in optimal compaction is the compaction moisture content, the prediction of lhlS
moisture content seems feasible by means of the Compactability Software Package provided that
the grading is not too coarse and the particle shape and texture is reasonable. Poorly shaped

particles have a negative influence on the compactability of material (see Report PR92/4717%).
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Table 2.1: Predicted and measured Maximum Dry Density and Optimum Moisture
Content values using the Compactability Software Package and the vibratory

compaction table

Section Layer MDDvib OMCvib MDDvib | OMCvib | MDDmod | OMCmod : .
measured | measured | predicted | predicted | predicted | predicted Sy
{kg/m3) (%) | (kg/m®) (%) (kg/m®) (%) '
! Fill [2030 | 1150 2094 10.58 2055 10,52
1 Select] | 1800 1350|2083 | 1099 1990 12.56 J
L Selecz | 1870 | 1300 2093 1098 | 2014 11,92 8
I | Subbasel | 2020 | 570 253 | 580 | 2151 728 &y
! Subbase?2 2260 5,75 2164 7.13 !
1 Base | 23§ | 575 2415 4,65 246 | 582
2 Selectl | 2050 10,50 2083 10,00 2026 1050 oy
2 Select2 | 2170 8,90 2281 | 637 2158 | 800 T
2 Subbasel | 2010 | 7.40 2380 | 526 2234 691 =
2 Subbase2 | 1950 | 480 2324 6.12 2202 7.50 .
2 Base 2340 6.20 2425 4,46 2256 564 -
3 Select] 2040 7.80 wn SRV wkx
o
3 Selecr2 | 2160 | 1040 2263 R.52 2162 9.20 o
3 Subbasel ! 2080 | £.70 *wkE A *wdk [ e
3 Subbase2 | 1930 8.40 2218 7.70 2105 8.58
3 Basel 2330 620 2425 446 | 2256 5.64
4 Select! | 1950 | 9.60 2193 801 2109 962 )
4 Select2 | 2140 9,80 2155 853 2078 9,50 o
4 Subbase! | 2080 1160 2140 11.84 2102 11.53
4 | Subbase2 | 2120 s | 2168 11.17 2118 1113
4 | Base 2320 6.00 2396 4.38 231 | 555 i
|

% Grading (oo coarse 0 predict propertics
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Table 2.2; Predicted and measured Maximum Dry Density, Optimum Moisture Content
and Zero Air Voids Moisture Content values using the Compactability
Software Package and the vibratory compaction table
Section _ Layer MDDvib OMCvib MDDvib ZAVMC | MDDmod ZAVMC
measured | measured | predicted vib predicted mod
predicted predicted
(kg/m’) (%) (kg/m") (%) (kg/m’) (%)
1 | Fill | 2030 11,50 2094 11.62 2055 12,53
| | Selectl 1800 13.50 2083 12,66 1990 1492
1 Select2 1870 13,00 2093 12,48 2014 1437
I Subbasel | 2020 570 2253 7,09 2151 9.20
1 Subbase2 2260 6,99 2164 8.96
| Base 2345 3,75 2415 540 2246 8.51
2 | Selectl 2050 10,50 2083 11,53 2026 12,88
2 Selec2 2170 8,90 2281 757 2158 1007
2 Subbasel | 2010 740 2380 6.22 2234 8.98
2 Subbase2 | 1950 4.80 2324 701 2202 9.40
2 Base 1 2340 6.20 2425 5.20 | 2256 8.3t
3 Selectl 2040 7.80 | HEr bk ok b
3 [ Selecrz | 2160 10,40 2263 937 2162 1143
3 ' Subbasel 2080 8.70 Aok kk whkh Wk Bk
3 Subbase2 | 1930 8.40 2218 8,53 2105 1097
3 Basel | 2330 6,20 2425 5,20 2256 8,31
4 | Select! 1950 9.60 2193 943 2109 11,25
4 Select2 2140 9.80 2155 10,09 2078 11.80
4 Subbasel | 2080 11,60 2140 12.46 2102 1329
4 Subbase2 2120 1115 2168 11.86 2118 12,.94
4 Base 2320 1 600 2396 5.14 2231 822

**** Grading too coarse o predict properties
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CONCLUSIONS

The results obtained from the test sections show that the moisture content of the material at the time
of compaction as well as the manner in which the material is compacted play a very imporntant part
in the in situ dry density that will be achieved with a particular roadbuilding material. Apart from
this the actual preparation of the layer like the watering, mixing and leveiling of the layer also have

an effect on the results. These factors are discussed in more detail below.

MOISTURE CONTENT : ITS EFFECT AND THE IMPORTANCE OF CONTROL

It is an accepted fact that the moisture content of the material plays an extremely important role

in ensuring optimum compaction.

Maximum dry density is normally achieved when the material is nearly saturated, as observed with
the material reaction on the vibratory compaction table. Present compaction practice often
recommends that roadbuilding materials should be compacted at a moisture content of one to two

per cent lower than OMC (mod.AASHTO) for two reasons, namely:

() To prevent the build-up of porewater pressure the moisture content should always be lower
than total saturation.

(b) The grading of the coarse-graded material on site and the grading of the coarse-graded
material in the mod. AASHTO density test differ significanly from each other, The
material in the laboratory test is substantially finer because all coarse fractions are crushed
to pass the 19 mm sieve. This leads to an increase in voids which, in tum, leads to a
lower dry density (see Figure 1.1) and an increase in void content, requiring a greater
amourit of water to saturate the material (i.e. too high a OMC for the coarser grading on

site),

It is, however, clear that without the proper control of the moisture content of all roadbuilding
materials which use water as lubricant, it would be impossible to achieve optimal compaction.
Presently, the compaction teams have to guess the moisture content by "feel” or "look" as there is
no formal process control for moisture content during construction.  Although it is possible to
establish the "optimum moisture content” fairly accurately through visual observation, a substantial
improvement in coastruction dry density levels can be achieved if the moisture added to the
material is controlled more accurately during the construction process. The compaction results

of the crushed stone base course layer on Site 1 show that an excessive amount of compaction
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effort cannot rectify the adverse conditions created by an excessive amount of moisture (see Section

2 of teport).

Too dry maiterial also causes lower densities because of higher shear forces. In many cases more
compaction effort in terms of more roller passes will be totally ineffective as these shear forces are )
too great to be overcome by the "compactive effort” of the roller. For example, in a number of Ty
cases on Site 1 (92/93) it was found that even the vibratory roller had no effect on the compaction :
of the layer (i.e. no increase in density). However, immediately after wetting the fayer with an
additional spray, the measured dry densities after the next half pass of the vibratory roller showed

a substantial increase (also see Figure 3.1), Ry }
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Molsture content {%)
Figure 3.1: Measured dry densities against measured moisture contents for crushed stone

base course on Section 1 (Site 2)(92/93) showing the effect of the moisture
content on the dry density that can be achieved at the end of the compaction

sequence

It has been proved in practice that unnecessary (excessive) rolling can actually fead to the

unnecessary degradation of the malerial which, in wm, leads to a finer grading, higher void content,

lower dry density and a higher required "optimum moisture content”,
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THE COMPACTIVE EFFORT APPLIED

{tis gratifying to note that if the moisture content is correct, approximately the same amount of
compactive effort is generally required to compact different roadbuilding materials optimally. This
accords with the observation of the compactability study' where it was found that most materials
were compacted optimally for the same amount of compactive effort on the vibratory compaction

table,

In general the optimum amount of compactive effort is the following:

(a) One half to one full pass with the vibratory roller (high amplitude/low frequency)

(b) Ore half to one full pass with the vibratory roller (low amplitude/high frequency)

(c) One to two full passes with pneumatic-tyred roller.

If the amount of compactive effort required is substantially greater, the moisture content is most

probably either too high or too low,

The current practice of excessive use of the grid roller as well as the use of random rolling patterns
do not serve any useful purpose either. Rather, this investigation showed that unnecessary rolling
with the grid roller does net increase the in situ density at all. By determining the optimum
moisture content (OMC) from the expected after-compaction grading, the Anerberg limits, linear
shrinkage and the water absorption of the aggregate and controlling the OMC more accurately by
means of a properly calibrated nuclear gauge or microwave oven, it is envisaged that most
roadbuilding materials can be compacted o densities greater than the present specification

requirements. The benefits include the following:

« Compaction production rate improves owing to effective control.

+ Higher densities reduce the amount of "plastic” deformation (rutting) and increase the strength of

the material, leading to improved pavement performance.

The only exception to the compaction procedure in normal layer work is probably the crushed stone
base course layers (G1 and G2 at least) which stil] need to be slush-rolled to reach the required
density level of 86 % SD (i.e. AD or DBD depending on the material) to 88 % $D. This should

be done by static three-whee! rollers and preumatic-1yred rollers.
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THE LEVELLING OF THE LAYER

Although not conclusive, the compaction growth curves, particularly on Site 1, show that
unnecessary re-levelling of the layer very often disturbs the layer to such an exient that the dry
density after re-levelling virtuaily reverts to where it was after being levelled initially. Wherever
possible the layer should therefore only be mixed and levelled once, as all unnecessary handling
of materials leads to a substantial increase in the compactive effort without improving the quality

of the layer.

THE DRY DENSITIES THAT CAN BE ACHIEVED

The investigation confirmed the finding of the earlier laboratory investigation that it is possible to
compact most roadbuilding materials to greater dry densities than are specified by the present
specifications. However, the increases are not necessarily the same for all classes of materials. The
increase in the maximum dry density is also critically dependent on the scientific control of the
moisture content for compaction purposes. Up till now this aspect has received very lite attention
and is ignored in most cases because of the general approach of Acceptance Control rather than
Process Control. None of the sites used in this investigation controlled the moisture application in

a scientific manner. The reason for this is twofold, namely:

« nuclear density/moisture ganges are generally not available for process control
« the oven drying test used for the determination of moisture content is not practical for process

control because it can take up to 24 hours to dry the sample.

Although most contractors do their utmost to cut costs, in many cases the optimal rolling pattern
is not determined by means of a test strip, as recommended. In general, the rolling continues until
the layer is perceived to be dense or until the roller operators are instructed to stop which, in many

cases, is at the end of the day.

PREDICTION OF REQUIRED MOISTURE CONTENT BY MEANS OF
COMPACTABILITY SOFTWARE PACKAGE

Comparison of the results from the laboratory compaction of samples on the vibratory compaction
table and the predicted MDD, OMC and ZAVMC values using the Compactability Software
Package (see Section 2.9 of Report), show that very good predictions of the required moisture
content can be made from the grading, Atterberg Limits, Linear Shrinkage and the ARD and BRD

of +4.75 mm fraction and the ARD of the -4,75 mm fraction of the material. The fact that the
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OMC does not have to be guesstimated but can be predicted reasonably accurately, should also
assist in improving the compaction process in general and change the approach of compaction of
untreated roadbuilding materials from an art {0 a science. This is extremely important, because
many problems presently being experienced in this field can be directly related 1o the lack of
understanding of the factors that influence the compactability of untreated roadbuilding materials,
For example, in a recent case a contractor was required to achieve 88% AD with crushed stone
irrespective of where the grading of the material fell within the present grading envelope. On site
the contractor was only able to achieve 84.59 %AD on average. The Compactability Software
Package predicted an average of 85,16 %AD for the material. No amount of extra compactive
effort is going to improve the in sity density of this material 10 the required 88% AD. On the
contrary, extra rolling will lead to a reduction in density owing to breakdown of the material under
the rollers in this case. At the other end .of the scale the mod. AASHTO test does not give the
correct OMC (higher) or MDD (lower) for coarse granular materials for reasons given under 3.1.
The lower MDD values will lead to lower compaction requirements and indirectly to reduced
pavement performance because the material will compact further under traffic until it reaches the
densest packing arrangement the grading of the material will allow,

Although this may entail an initial expenditure on the part of most contractors and consulting
engineers as well as the road authorities the Compactabilty Software Package is user-friendly and
is marketed at a very reasonable price. The cost of the investment is probably less than the cost
of reworking of one section. Not only will unnecessary reworking be eliminated, but it can also
assist in identifying the causes of compaction problems and therefore lead better decisions in
overcoming the experienced problems. For example, in the previously mentioned example it could
have been predicted from the start that the locally available crushed stone source does not produce
material with which it is possible 10 achieve the generally specified 88 %AD. Alternative

provisions should therefore have been made in the contract,

POSSIBLE RAPID METHODS FOR THE DETERMINATION OF THE OMC

At the request of one of the reviewers for a simple method to determine the OMC, the information
of the original compactability investigation was re-evaluated. ‘The information showed tha
OMC(vib) was equal to 0,923 times ZAVMC(vib) (r* = 0,978) for the 21 materials ranging from
well-graded crushed stone to a black clay. Where the amount of voids in a well-compacted
material is acwally determined by the grading after compaction, which should then be filled with

water at ZAVMC, the following two proposals are made:
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(a) A sample of the material is saturated in a bowl or bucket. after the use of the grid roller (if
required for adjusting the grading), whereafter the wet sample is sieved through a 4.75 mm sieve
1o get rid of the of the larger particles. Use is now made of a moisture saturation meter which is
set to 100 % saturation in the fine portion of this sample. The moisture content on site can now
be controlled by aiming for 92 % 10 94 % saturation of the 4,75 mm fraction of the matertal in
the section. Although this method has not been tried by the research team, independent work on
a limited scale by Mr. B. Dumas of CPA Roads Department showed that the coirect moisture

content was between 93 % and 94 % of the saturation moisture content.

(b) The problem with the first method, however, is that the moisture content as a percentage by
mass is not known. To enable the use of normal nuclear density/moisture content gauges for
control purposes, a sample of the material is once again saturated in a bowl or bucket for a few
minutes after which the sample is put on reasonably fine sieve (e.g 0,425 mm) to drain of the
excess water. Once the excess water has heen drained off the whole sample is rapidly dried 10
determine the ZAVMC as a percentage of the dry mass of the sample. The moisture content on
site should then be in the order of 93 % to 94 % of this value.

As both methods have not yet been tried extensively the research team would preferably do further

work on this for verification purposes as a new project.
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RECOMMENDATIONS

Before adjusting the present compaction requirements it is necessary that an improved approach 10
compaction of roadbuilding materiais in practice be established as a matter of urgency. Ii is
extremely important that all road construction teams should approach the compaction of
roadbuilding materials in the correct manner. This may require a shift away from acceptance
control with greater emphasis being placed on process control. This would mean that the results
of measured moisture contents on the material prior to compaction may have to be submitied in

future as well. The specification should possibly read as follows:

" As the moisture content of the material has a critical influence on the compactability and bearing
strength of the material, the compaction of roadbuilding materials using water as lubricant may only
commence when the average value of 4 randomly measured moisture contents of the in-place
material is within the range of + 1,0 % of the optimum moisture content (OMC) of the particular
material, and all 4 the measured moisture contents fall in the range of + 2,5 % of OMC."

Although the amount of compactive effort required to compact roadbuilding materials optimally is
fairly uniform, it is recommended that the practice of constructing a test strip form part of the

standard specification. It should possibly be worded as follows:

"The optimal rolling pattern for each material, differing in qualily or supply source, used on this
project shall be determined by the construction of a test strip on the first section using the particular
material source. The compaction of the test strip may only commence once the measured moisture
content satisfies the criteria set out above, During the compaction of the test strip at least 4 half-
minute density/moisture content readings for the full depth of the layer shall be taken on the layer
with a nuclear density/moisture gauge after each half pass of each roller. The use of a particular
roller type shall be discontinued as soon as the average of the measured results shows that there
is litde or no increase in the dry density after this roller half pass. Only one roller at a time will

be atlowed on the test strip and the specified roller sequence is as follows:

" grid roller for breakdown purposes only (try to get a well-graded material wherever possible)
- vibratory roller (high amplitude/low frequency)

- vibratory rolter {low amplitude/high frequency)

* pneumatic-tyred roller

' pneumatic-tyred roller and three-wheel static roller for slush-rolling of crushed stone only
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All the roller types listed shall be used in the recommended sequence and each roller shall be
withdrawn as soon as the in situ measured dry densities do not increase any more or drop off
slightly with a subsequent half-pass of the panicular roller. This half-pass shall also be left out of
the recommended compaction sequence. This is done to prevent unnecessary over-roliing which
can lead to dedensification. The measured compaction growth curve shall be submitted 10 the
Resident Engineer for record purposes. The final average measured dry density shall in no case
be less than the present specification requirements.  For all sections constructed from the same
material the optimat rotling pattern shall be applied once the measured moisture conlents are within
the specified moisture content range. The measured moisture contents of each subsequent section
shail also be submitted as proof of proper control of the moisture content for record purposes.
After compaction the in situ dry density of each section completed shall still be determired for
Acceptance Control and compared with the specification requirement. For layers compacted to the
mod. AASHTO standard, the present mod.AASHTO standard shall be the required minimum
standard acceptable.”

This approach should then be followed in practice for at least two years to enable the collection of
a wider amount of information on properly compacted layerwork. The measured dry densities and
moisture contents of the acceptance control results, as well as the measured compaction growth
curves and measured moisture contents of subsequent sections should be collected together with the
indicator test results of each material (i.e. the full grading, Atterberg limits, Linear Shrinkage, ARD
and BRD of the +4,75 mm fraction, and the ARD of the 4,75 mm fraction). The indicator test
results can be used to predict the MDDs (vibratory and mod. AASHTO) and OMCs (vibratory and
mod. AASHTO). These predicted values can be compared wilh the measured values. A comparison
of the measured and predicted MDD and OMC results for the materials on a vast range of contracts
will assist in confirming the material behaviour patterns as observed from the observations the
compactability research in the laboratory on a limited number of materials and on site during this
project. It can also be used to determine the probable cause of compaction problems, where
experienced, and possibly even be used to quantify the expected amount of rutting. This can be

compared later with the measured amount of rutting.

After the initial evaluation period of 2 years, a decision can be taken whether higher fixed density
standards should be specified, or the approach in which the moisture content and compactive effort
is properly controlled during construction should be followed or even a combination of the two
approaches he used. It should be emphasized that specified standards should be practically
achievable. For this reason it is also recommended that the BRD of the +4.75 mm material and
the ARD of the -4,75 mm material be used to determine the Solid Density (SD) of crushed stone

materials. It would be a great step forward if all compaction standards could be expressed in terms
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of %SD, as it is not the dry densily in kg/m® which determines the layers performance, but the
percentage corapaction in lerms of %SD. As this information is already available from the
indicator tests, the solid density of different materials can readily be calculated from the percentage
passing the 4,75 mm sieve and the BRD, ;5 and the ARD ;¢ values. The higher the degree of
compaction in terms of %SD the greater the strength of the layer. Higher density specifications
are already being applied by some of the provinciat road authorities in some layers, such as 97 %
mod. AASHTO for granular subbase and 95 % mod. AASHTO for top of selected subgrade by the
CPA.

Apart from this, it is recommended that serious consideration be given to the acceptance of a policy
of proof-rolling of the roadbed, preferably with an impact rofler. This will ensure that weak spots
in the roadbed are picked up and rectified prior to the construction of the rest of the road structure.
This is already done on DOT contracis.

Where many roads are presently being reconstructed, using the old pavement structure as part of
the new structure, the policy of ripping and recompacting existing layers should seriously be
reconsidered. Many of these layers have been optimally compacted by road traffic through years
of service. In many cases the dry densities achieved after ripping and recompacting will be lower
than in situ dry densities. Apart from a possible reduction in dry density any unnecessary handling
of the material will usually cause a certain amount of degradation of the material, which in tumn
reduces the MDD that can be achieved. Lower MDDs, in turn, cause lower bearing capacities,
Therefore, instead of improving the quality of the road by ripping and recompacting, the quality
is actually reduced. The policy of ripping and recompacting should only be used in cases where
definite weakness in the in situ structure have been identified.

Where the laboratory investigation into the compactability of untreated roadbuilding materials
showed that the moisture regime is totally dependent on the grading of the material, the
homogeneity of the material composition in each layer on each section is important. Because the
investigation also showed the critical importance of the correct moisture content, the length of each
construction section should be determined by the ability of the water application system to get the
material to the correct moisture content in a reasonable time rather than on a standard length, This
will avoid situations occurring where the OMC is never reached because of evaporation as wel] as

having to compact lime- or cement-stabitized layers below OMC,

Because of the critical influence of the material grading on both the MDD and moisture regime,

serious consideration should also be given 10 the replacement of the mod. AASHTO compaction test
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with a test where the material is compacted in a single layer without disturbing the grading (e.g.

the vibratory compaction table).
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PROPOSED TECHNIQUE FOR THE CONSTRUCTION OF THE TEST STRIP FOR THE
OPTIMIZATION OF DENSITY STANDARDS

I

The test strip must preferably be ot least 50 m fong. The aim is that each layer from the roadbed
t the base should be compacted to "refusal density”. that is to a point where the density does not
want to go higher with the correct application of the normal compaction effort. This density may

never be less than the specified density requirement,

Before any roller is brought onto the test strip, it must be assured that the malerial is uniform in
quality, with a uniform moisture content and with a uniform layer thickness. The cutling and

shaping of the layer should therefore be completed beforehand,

It should be noted that the OMC is very dependent on the compactive effort used and will vary
from roller type to roller type. It should normally be determined by means of a test strip for every
new material source and roller type used for initial compaction (i.¢. low frequency/high amplitude.

high frequency/low amplitude, or static).

Use only one roller at a time on the test strip and apply the compactive effort in a uniform manner
(ie. keep frequency, amplitude (for vibratory rollers) and rolling speed as constant as possible).
The overlap of adjacent roller tracks should be kept to a minimum. (See document "Compactions

Techniques"},

In the case of vibratory rollers always make sure that the drum tums in the same direction as the

eccentric moment of vibratory force.

The following sequence of roller application is recommended for the test strip (if the equipment is

available or necessary);

(a) Grid roller in the shaping stage to crush oversize materiad if required.
{h Vibratory roller: low frequency/high amplitude {until the density growth curve flanens
off): or

vibratory roller: high frequency/low amplitude (uniil the density growth carve fattens off);
oF

static three point roller tuntil the density erowth curve flattens of by,
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(c) Preumatic-tyred roller (until the density growth curve flattens off again). Ensure that the

tyre pressure is commect and that roller is properly ballasted.

For peneral layer work compaction, the low frequency/high amplitude vibratory roller is
recommended tor the inital compaction. The only exception is the compaction of crushed stone
hases where the use of the fow frequency/high amplitude combination is recommended for the
breakdown pass. Follow up using the high frequency/low amplitude combination. The static three
point roller is not generally used for initial compaction any more: it may be used. but is less
effective. It is very useful for the slushing process of crushed stone bases. Tamping-foot rollers
shoutd be used for Inyers of cohesive materiads and smooth drum rollers for tayers of non-cohesive

materials, as well as the final pavement tayers.

To plot the density growth curve, the density must be measured at the same spot (in the same probe
hole) after each half or full roller pass. The dry density should be plotted against roller pass to get
the compaction growth curve, As soon as two subsequent readings with the same roller application
shows no increase in density or the densily is even slightly reduced, the next roller type

recommended under point (5} should be brought on.

Preferably the density should he measured at four to five randomly selected sampling positions.

The density and moisture counts need not be longer than half a minute.

When the density growth curve shows that refusal density has been reached, the rolling should be
stopped. The density can now be determined more accurately at four other randomly selected

sampling positions. Take one minute counis.

Take a small sample for the determination of the moisture conlent by means of ovendrying at each
of these points as well as a larger sample of at least two kg at one of these positions 1o determine

the grading after compaction. Send the results only.

A bag of * 50 kg of material from each layer should also be sent 1o TRANSPORTEK for
evaluation of the compactahility on the vibratory table, The MDD(vib), OMC(vib), BRD and ARD

will be determined.

IF static three point roflers are used. the Tayer thickness should be adjusted for this rollcr'[ype (i,

thinner lavers).




15,

A-4

Apply the recommendations for the correct application of different rollers listed in the document

“Compaction Techniques”.

Note the roller type for each roller pass on the density growth curve.

Density results from a number of sections which were constructed according 10 the nonmal
specification. must also be included for comparative purposes. It would be appreciated if the
normal rolling pattern is also mentioned 1o assist with the comparison of the compaction effort and

Coslt.

The values of the indicator tests for cach layer should also he supplied (i.e. the grading, Atterberg

Limits. and linear shrinkage).

Please send the results to:

TRANSPORTEK (Attention: C J Semmelink)
CSIR

P O Box 395

PRETORIA

0001
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COMPACTION TECHNIQUES

For most of the compaction of roadbuilding materias (especially the actual pavement structure) vibritory rollers.
prid rollers or pneumatic-tyred rollers wre used. For the proper densification of every layer. il is absolutely
essential o ensure that cach of these tollers are applied for the right purpose, at the right time and in the right
manner. 1t is. therefore, essential that the engineer. foreman. roller operators, iaboratory technician and mechanic

should all know the important aspects of compaction and to what to give atiention.

The work should wiways be done scruputously according to tixed rules. Most probleims with compaction are the
result of arbitrary and uncontrolled action. It should be emphasized that success with compaction will not be
achieved unless the approach 1o the building of the layer is purposeful right from the beginning when the
material is brought in: the material should he uniform in composition and the moisture content at the correct

value and uniformly mixed over the whole width and depth of the layer. prior to the rolling of the layer.

To ensure that the material used is as uniform as possible, the material should preferably come from one source
only. Even when one source is used. checks should be run continuously to ensure that the material composition
hasically remains the same. Any noteworthy changes of any of the indicator test values (i.e. grading, Atterberg
fimits. or linear shrinkage) point to the fact that the material has changed. As soon as this happens, new values
for the MDD and OMC have to be determined. and a test strip must be built with the material to determine the
optimum rolling pattern for the densification of the material. This rolling pattern is then used as long as the
material basically remains the same. This approach ensures that compaction is done systematically and leads

to greater efficiency and productivity.
APPLICATION OF ROLLERS
As far the application of rollers is concerned, attention should be paid to the following aspects:

{n Only one roller should be used at a particular time to ensure that the same amount of compaction
effort is applied at each point. If, for some reason, it is essential to speed up the work, only an
exaclly identical roller, which has been similarly adjusted. may be used. (It must also be applicd

in an identical manner.)

(d] The rollers must trave! at a constant speed over the whoele section 10 ensure that the siune amount

of compaction effort is applied everywhere. Speed should therefore be positively controlied.

(3 The sequence in which rollers are used must also be the sume everywhere as this patiern also

affects the Hnal resull.




{4)

(6)

(7)

(¥)
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Each rollers track must be covered by a "forward and backward” pass of the roller. (This is
regarded as a single roller pass.) If rollers cover tracks continuously in one direction only, cracks
and fissures may form in the layer. This phenomenon is particularly noticeable with vibratory

rollers and impact rollers.

The overlap of adjacent roller tracks should be limited 1o an absolute minimum, preferably 100 min
or less. The old rule of 50 % overtap only applies to the old three point rollers of which onlv the
large back wheels really compact, while the smaller wheel at the front is essentially there for

steering purposes.

In the case of vibratory rollers. the direction of rotation of the eccentric moment also plays a very
important part. For effective compaction the direction of rotation of the roll should the same as
that of the eccentric moment. If the direction of rotation of the roll is opposite to the direction of
rotation of the eccentric moment, the layer may actually dedensify (the density of layer is lowered),
With the "breakdown pass” this aspect is less critical, because the roller sinks a fair distance into
the layer. But for all consecutive passes this phenomenon has a tremendous effect on the
densification of material. If this aspect is ignored, it could even mean that double the number of
roller passes could be required to achieve the required result. This aspect is particularly critical
with non-drum-drive rollers. In the case of drum-drive rollers this is less critical, but even in their

case they are still less effective in this mode than when the roller is applied coirectly.

Where vibratory rollers are used, one should always start with the high amplitude/low frequency
combination to achieve "in-depth” compaction. If the low amplitude/high frequency combination
is used first, a crust is formed on the surface which impedes “in-depth” compaction. For the same
reason it is essential that only one amplitude/frequency combination be used at one time. Where
dual amplitude rollers are used, the difference in amplitude is usually obtained by changing the
direction of rotation of the eccentric moment. In the light of what has been stated in point (6)
about the effect of the direction of application, some contractors use the high amplitude/low
frequency combination in the one direction and the low amplitude/high frequency combination in
the opposite direction. This approach is detrimental for effective compaction because of the
formation of & crust. If the direction of rotation of the eccentric moment changes automaticaily
with the direction of travel of the roller. one should make sure that the amplitude and [requency

are the same in both directions.

The etfective frequency range of all vibratory rollers [ulls in a very narrow frequency range which

is dependent on the size of the eceentric moment and the sprung and unsprung mass on the roll.

To determine the effective frequency range it is essential to have the correct values of the eccentric
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moment and the sprung and unsprung mass on the roll. With dval-amplitude rollers it is essential
to hive the correct values for both eccentric moments, as there will be an effective frequency range

for each of these amplitudes at which the roller will perform optimally.

The highest efficiency of a vibratory rotler is achieved when the centrifugal or dynamic force is

equal to 3,1 1o 3,2 times the static load on the drum.

Centrifugal or dynamic force = (m.r)4r.F
where  mr = eccentric moment (kg-m)

f = vibration frequency (Hz)

Maximum effective dynamic force = k.M,.g
where k = constant (= 3,2 to 3.2)
M,

- static load on drum (spring and unsprung mass) (kg)

g speed of gravity (= 9.81 m/s°)

« £ = J(My.@(m.raTP)

As the radius of the eccentric moment changes betwcén high and.low amplitude, the effective
frequency range of the roller also changes. Because the efficiency of the roller is severely
influenced by the correct frequency, it is absolutely essential that a frequency meter or a revolution
meter be fitted to every vibratory roller to ensure optimal performance. Apart from the
disadvantages of varying amplitude during one roller pass mentioned in point (7), a further
disadvantage is added to the list in that the roller operator must keep track of the correct frequency
for the particular amplitude being used. It should be abundantly clear that all these variables are
open to human error, for example the wrong frequency at the wrong time, which will detrimentally
affect the density results. Therefore, it is strongly recommended that only one amplitude/frequency

combination be used at a time during a roller pass on a section.

1t is regularly found in practice that vibratory rollers are not _pro-perly balanced. The result of this
is that the amplitudes on the two sides of the roll differ. This leads to varying densities (greater
variability). To ensure more uniform results it is essential that the roll of every vibratory roller be
checked to see that they are properly balanced. To do this the following procedure is recommended

(tor both drem-dnve and non-drum-drive rollers):

(&) Detennine the number isofation mountings on each side of the roll.




{b)

{c)

(d)

(e)
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If there is a difference in the number of isolation mountings, extra mountings should be
added to the side with the least number of mountings. untl both sides have an equal
number of isolation mountings. This may require that the mounting plates be modified.
The isolation mountings should also be checked regularly to ensure that they are not
stretched.

Determine the static contact load with the soil on both sides of the roll on a level surface.
The difference may amount to several hundred kilograms,

If there is a difference in load, an extra mass should be added 10 the lighter side of the
drum to equalise the loads. This extra mass is uniformly distributed on the side of the
drum in the circle segments of the plate which are welded in position.

Determine the optimum frequency range for the new contact load of the roll, and set the
engine, vibration pump, and motor to deliver that frequency.

In the event of the vibrator eccentric housings having been off-set in the drum, i.e. the one
eccentric housing mounting plate having been positioned deeper in the drum than the other
(to accommodate the drum drive transmission and hydraulic motor), additional balancing
will be required. The greater the eccentrics are off-set. the greater the amplitude difference
across the width of the drum.

By systematically welding additional steel segments 1o that side of the drum which is
recording the higher amplitude (i.e. the side which has the eccentric housing closer to the

drum end) the amplitude can be equalised.

Additional weight should be added, until the compactor can be driven straight on a flat,
firm surface without having to use the steering to counter drum side drift, a condition that

is created by unequal amplitude over the width of the drum module.

During the equalising exercise, all testing must be carried out with the eccentrics operating

at optimum frequency.
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ADDITIONAL RECOMMENDATIONS FOR DUAL-AMPLITUDE VIBRATORY ROLLERS

(1) Under no circumstances should a dual-amplitude roller be operated by personnel who have not B

received special training in the comrect functions and application of these rollers,

(2) The maximum recommended speed for dual-amplitude rollers of 10 to 15 tonne is § km/h.
3 All rolling must be performed with the engine at full throtde and the vibration system at optimum
frequency. )
i
(4) All rolling must be performed with drive system in the working range (low gear). If the rolling S
speed is too high, it causes a corrugated surface. When the rolling speed is too low, it reduces £
productivity. B
»
(&) All rolling should be done at a constant speed; this prevents unnecessary variation in density. To -

ensure this, an accurale speedometer should be standard instrumentation on all rollers. As an
alternative; the speed control quadrant should be marked at the positions where desired and forward

and reverse speed is achieved.

0) Because irregular densities are caused by variation in the rolling speed, under _l_LO_ circumstances
should the vibratory system be activated until the desired or pre-determined rolling speed has been
achieved. Al the beginning of each section provision should therefore be made for an overlapping
area with the previous section as well as an over-run area at the end of the section. These sections -y

should be long enough for the roller to reach the comrect rolling speed, so that the vibration

mechanism can be activated at the right moment (at the beginning and the end). As soon as the

roller reaches the "end” (the end of half a roller pass} or the "beginning” (at the end of a full roller

pass), the vibration mechanism should be switched off so that very little extra energy is ransferred

to these overlap areas.

(N When compacting base course fayers of well-graded non-cohesive material at optimum moisture
content, it is recommended that the use of high amplitude be restricted to a single roller pass e
(forward and backward). The high total applied forces generated by these compactors in the high

amplitude mode can have a damaging effect on the subbase layer, particularly if it is stabilized.

(8 Dependent on conditions and the type of materiad 1o be compacted. the use of low amplitude will

normadiy result in unifonm density through to within approximately 40 mm of the layer surface.

Static rofling is required 0 consolidate and densify this surface layer.
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Do not operate the compactor in the high amplitude setting when in close proximity to tall building

structures. [tis advisable 10 do a proper "crack survey" of adjacent structures before actual rolling

starts 1o prevent wrongful claims for damage.

Do not operate the compactor in the high amplitude setting when compacting soil or aggregate thal
has been thinly placed on a solid rock subbase. This situation is frequently eacountered in cut and

fill operations.

Do not use a "pad-foot” compactor on non-cohesive material. Do not attempt the compaction of

deep lifts of high PI material with a smooth drum compactor.

Never leave the compactor without the park and emergency brake applied. This also applies to

other roller types.

Never attempt to start the roller engine without checking to ensure that the park and emergency

brakes are applied. This also applies to other roller types.

Make a thorough study of the contents of the service manual and maintain the machine in

accordance with recommendations,

Do not attempt to compact badly placed fill, containing large stones or boulders,

When rockfill has to be compacted with a vibratory roller, a carpet of fine material should first be
placed over the top of the rockfill prior to commencing compaction. Point loadings at high total
applied force have a detrimental effect on both drum and machine. Compactors of less than 14
tonne are not recommended for use on the compaction of shot or dump rock. Heavy rollers with
thicker drum shells (50 mm +) are recommended for this type of work, the compactor should be
operated at rolling speeds below 2 km/h. The maximum particle size of the rock must not exceed
66 % of the minimum layer thickness. The life expectancy of vibratory compactors, used on this
type of work, is considerably less than that of machines used on graded or low shear strength
materials. Preventative and scheduled maintenance services must be increased when operating

under these conditions.

When checks or adjustments are to be made o the vibratory system, two large tyres shoukt be
placed under the drum. By supporting the drum in this manner. the forces generated by the

vibratory system are largely neutralised,
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(I8) Regularly check the density of the layer with a nuclear gauge to prevent dedensification owing to

over-rolling.
GRID ROLLERS

The main function of grid rollers is to break down the larger particles; because of its small contact area, it is
not very efficient for the compaction of thick layers. Where thin layers are cut across, a grid roller may be used
for part of this operation. In such a situation the roller must be applied consistently (fixed rolling speed and
minimum overlap). To ensure optimal performance one should check that the roller is properly ballasted. As

for other roller types, a rotler pass is defined as a "forward and backward™ pass in the same roller track.

PNEUMATIC-TYRED ROLLERS

Pneumatic-tyred rollers are mainly used to compact the thin loose surface layer at the top of a layer. To ensure
that it works effectively, one should check that the roller is properly ballasted and that the tyre pressure is correct
and uniform. Apart from this the roller must be applied consistently (fixed rolling speed and minimum overiap}.

As for other roller types, a roller pass is defined as a "forward and backward” pass in the same roller track.

IF YOU DON'T KNOW, FIND OUT - DON'T GUESS OR TAKE A CHANCE.




PREDICTION RESUL'I"‘S OF COMPACTABILITY SOFTWARE PACKAGE
e AND mw DENSITY MOISTURE CONTENT CURVES OF
R VIBRATORY COMPAC'I‘ION '




SAMPLE No. : S1FILL DATE : 93-09-27

DESCRIPTIQN : Fill (Section 1 CH21600-22200)

REMARK :
INPUT INFORMATION : MATERIAL TYPE 2
GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) % PASSING L.L. P.I. - L.S.
75 100,00 25,97 5,48 3,98
63 100,00 S
53 100,00 . DENSITY AND SHAPE INFORMATION
37,5 100, 00
26,5 97,03 ARD (+4,75)( ARD (~4,75) SBD
19,0 | 96,51
13,2 ! 94,27 2,739 2,766 0,00
4,75 82,41
2,00 68,15 BRD (+4,75)| BRD (-4,75) WFD
0,425 52,95
0,075 _ 24,98 2,439 2,766 _ 0,00
OUTPUT PREDICTIONS MDD in kg/cub. metre
M D D (VIB) O M C (VIB) ZAVMC (VIB) WA CHC
2094,21 ' 10,58 11,00 - 11,62 0,790 | 8,405
MDD Mod AASHTO OMC HMod AASHTO ZAVHMC Mod. WA RSD
2054,86 | 10,52 12,63 - 12,53 0,790 2,708

C B R NOT PREDICTED WITHOUT "SBD" AND "WFD"
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SAMPLE No. : S1SL1 ’ DATE : 93-09-27

DESCRIPTION : Selected layer 1 (lower) (Section 1 CH21600-22200)

REMARK :
INPUT INFORMATION MATERIAL TYPE 2
GRADING ATTERBERG LIMITS g
Metric Units (Casagrande Apparatus) i
75 100,00 28,37 4,11 4,71 -
63 100,00 . e
53 100,00 DENSITY AND SHAPE INFORMATION .
37,5 93,17 £
26,5 80,14 ARD (+4,75)| ARD (-4,75) SBD .
19,0 65,03 oy
13,2 54,30 2,772 2,789 0,00 .
4,75 38,72 4
2,00 31,20 BRD (+4,75)| BRD (-4,75) WFD =
0,425 24,64 - o
0,075 18,93 ' 2,160 2,789 0,00 .
OUTPUT PREDICTIONS MDD in kg/cub. metre o
M DD (VIB) 0 M C (VIB) ZAVMC (VIB) WA CHMC A
2083, 28 10,99 11,27 - 12,66 | 6,264 | 10,468 S
! MDD Mod AASHTO | OMC Mod AASHTO ZAVMC Mod. WA RSD .y
“ 1989, 55 . 12,56 13,37 - 14,92 6,264 2,404 o

C BR NOT PREDICTED WITHOUT "SBD" AND "WFD"




SAMPLE No. : S1SL2

B-4

DATE :

93-09-27

DESCRIPTION : Selected layer 2 (upper) (Section 1 CH21600-22200)
REMARK :
INPUT INFORMATION MATERIAL TYPE 2
GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) % PASSING L.L. P.I. L.S.

75 100,00 26,13 5,19 4,01

63 100,00

53 100,00 DENSITY AND SHAPE INFORMATION

37,5 90,60

26,5 84,65 ARD (+4,75)| ARD (~4,75) SBD

19,0 73,10

13,2 67,71 2,795 2,778 0,00

4,75 51,29

2,00 40,29 BRD (+4,75)| BRD (-4,75) WFD

0,425 30,53 -

0,075 19,00 2,179 2,778 0,00
OUTPUT PREDICTIONS MDD in kg/cub. metre
" M D D (VIB) O M C (VIB) ZAVMC (VIB) WA CHMC
l 2092,94 10,98 11,24 - 12,48 4,927 10,058

2 St

I_HDD Mod AASHTO | OMC Mod AASHTO ZAVMC Mod. WA RSD
" 2013,69 11,92 13,24 - 14,137 4,927 2,486

C B R NOT PREDICTED WITHOUT

llSBDll

AND "WFD"
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SAMPLE No. : S1SB1 DATE : 93-09-27 i
DESCRIPTION : Subbase 1 (lower) (Section 1 CH21600-22200)
.
REMARK : )
INPUT INFORMATION | MATERIAL TYPE 2 o
GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus) i
SIEVE (mm) % PASSING L.L. : P.I. j L.S. =y
75 100,00 22,84 0,00 3,05 oy
63 100,00 o
53 100,00 DENSITY AND SHAPE INFORMATION sy |
37,5 84,84 -
26,5 80,69 ARD (+4,75){ ARD (-4,75)| SBD
19,0 67,53 . : _
13,2 57,93 2,680 2,681 0,00 ' oy
4,75 43,55 -
2,00 36,92 BRD (+4,75)| BRD (-4,75) WFD oy
0,425 27,38 o
0,075 8,94 2,550 2,681 0,00 oy
OUTPUT PREDICTIONS MDD in kg/cub. metre -
M D D (VIB) O H C (VIB) ZAVMC (VIB) | WA cCHC
2253,69 5,80 6,20 -~ 7,09 1,074 5,392 <
MDD Mod AASHTO | OMC Mod AASHTO ZAVMC Mod. WA RSD | 2
2151,13 ' 7,28 | 8,32 - 9,20 1,074 2,607 iy

C B R NOT PREDICTED WITHOUT "“SBD" AND "WFD"




SAMPLE No. : S1SB2 DATE : 93-09-27

DESCRIPTION : Subbase 2 (upper) (Section 1 CH21600-22200)

REMARK :
INPUT INFORMATION MATERIAL TYPE 2
GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) % PASSING L.L. P.I1. L.8.
75 100,00 16,58 0,00 1,52
63 100,00 - = = :
53 100,00 DENSITY AND SHAPE INFORMATION
37,5 86,97 -
26,5 76,74 ARD (+4,75)| ARD (-4,75) S BD
19,0 71,69 -
13,2 ' 63,82 2,687 2,681 0,00
4,75 52,84
2,00 48,55 BRD (+4,75)| BRD (-4,75) WFD
0,425 40,97
0,075 13,41 2,579 2,681 0,00
OUTPUT PREDICTIONS MDD in kg/cub. metre
" M D D (VIB) O M C (VIB) ZAVMC (VIB) WA CHC
l 2260,38 5,75 6,05 - 6,99 0,735 5,449
MDD Mod AASHTO OMC Mod AASHTO ZAVMC Med. WA RSD
" 2164,08 7,13 8,10 - 8,96 0,735 2,633

C B R NOT PREDICTED WITHOUT “SBD" AND "WFD"




SAMPLE No. : SlBase DATE : 93-09-27
DESCRIPTION : Base (Section 1 CH21600-22200)
REMARK :

INPUT INFORMATION MATERIAL TYPE 2

GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) ¥ PASSING L.L. P.I. L.S.
75 100,00 0,00 0,00 0,00
63 | 100,00
53 100,00 DENSITY AND SHAPE INFORMATION
37,5 100,00
26,5 _ 91,68 ARD (+4,75)| ARD (~4,75) SBD
19,0 66,57
13,2 54,69 2,775 2,778 0,00
4,75 : 36,34
2,00 24,34 BRD (+4,75)| BRD (-4,75) WFD
0,425 16,69
0,075 7,96 2,687 2,778 0,00

OUTPUT PREDICTIONS MDD in kg/cub. metre

M DD (VIB) O M C (VIB) ZAVMC (VIB) WA CHMC
2414,67 4,65 5,68 -~ 5,40 0,751 3,614
MDD Mod AASHTO | OMC Mod AASHTO |  ZAVHC Mod. WA RS D

8,03 - 8,51 0,751 2,720

2245,86 5,82

C B R NOT PREDICTED WITHOUT "“SBD" AND "WFD"
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SAMPLE No. : S2SL1 DATE : 93-09-27

DESCRIPTION : Selected layer 1 (lower) (Section 2 CH27900-28500)

REMARK :
INPUT INFORMATION MATERIAL TYPE 2
GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) $ PASSING L.L. _ P.I. L.S.
75 100,00 26,67 6,13 2,58
63 100,00
53 100,00 DENSITY AND SHAPE INFORMATION
37,5 100,00 -
26,5 97,29 ARD (+4,75)| ARD (-4,75) SBD
19,0 95,61 . . .
13,2 92,14 2,752 2,717 0,00
4,75 79,60
2,00 64,49 BRD (+4,75)| BRD (-4,75) WFD
0,425 46,66
0,075 30,00 2,236 2,717 0,00
OUTPUT PREDICTIONS MDD in kg/cub. metre
¥ D D (VIB) O M C (VIB) ZAVMC (VIB) WA CHC
2083,07 10,00 10,64 - 11,53 1,711 8,562
. MDD Hod.AASHTO OMC Mod AASHTO ZAVMC Mod. WA RSD
2026,34 ; . 10,50 12,45 - 12,88 1,711 2,619

C B R NOT PREDICTED WITHOUT "SBD"™ AND “WFD"




SAMPLE No. : S2SL2 DATE : 93-09-27

DESCRIPTION : Selected layer 2 {upper) (Section 2 CH27900-28500)

REMARK :
INPUT INFORMATION MATERIAL TYPE 2

GRADING ATTERBERG LIMITS %
Metric Units (Casagrande Apparatus) ' =

SIEVE {(mm) % PASSING L.L. P.I. L.S. )

75 1 100,00 28,78 6,05 4,15 -

63 100,00 = S

53 100,00 DENSITY AND SHAPE INFORMATION .

37,5 84,65 =

26,5 75,24 ARD (+4,75)| ARD (-4,75) SBD i

19,0 66,90 A

13,2 54,63 2,758 2,740 0,00 L

4,75 35,10 o

2,00 26,84 BRD (+4,75)| BRD (-4,75) WFD -

0,425 17,18 J

0,075 11,25 2,499 2,740 0,00 .
OUTPUT PREDICTIONS MDD in kg/cub. metre A
M D D (VIB) O M C (VIB) ZAVMC (VIB) WA CHC .
2281,21 6,37 6,81 - 7,57 2,439 5,933 3
MDD Mod AASHTO | OMC Mod AASHTO ZAVMC Mod. WA RSD h

2157,90 8,00 9,02 - 10,07 | 2,439 2,584
— o et e

C B R NOT PREDICTED WITHOUT

nSBD"

AND "WFDV
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SAMPLE No. : S2SB1 DATE : 93-09-27

DESCRIPTION : Subbase 1 (lower) (Section 2 CH27900~28500)

REMARK :
INPUT INFORMATION : MATERIAL TYPE 2
GRADING _ ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) % PASSING L.L. P.T. . L.S.
75 100,00 36,78 0,00 7,44
63 100,00
53 ] 100,00 DENSITY AND SHAPE INFORMATION
37,5 92,93
26,5 81,05 ARD (+4,75)| ARD (-4,75) S BD
19,0 69,32 _
13,2 52,75 2,766 2,849 0,00
4,75 27,80
2,00 18,81 BRD (+4,75)! BRD (-4,75) WPFD
0,425 8,64
0,075 ; 5,12 ' 2,585 _ 2,849 0,c0
OUTPUT PREDICTIONS MDD in kg/cub. metre
M DD (VIB) 0. M C (VIB) ZAVMC (VIB) WA CHC
2380,23 5,26 5,82 - 6,22 1,828 | 4,700
MDD Mod AASHTO | OMC Mod AASHTO | ZAVMC Mod. | Wwa R S D
2233,81 6,91 8,10 - 8,98 1,828 L 2,658

C B R NOT PREDICTED WITHOUT "“SBD" AND “WFD"
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SAMPLE No. : S523B2 DATE : 93-09-27

DESCRIPTION : Subbase 2 (upper) {Section 2 CH27900-28500)

REMARK :
INPUT INFORMATION MATERIAL TYPE 2
GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) % PASSING L.L. P.I. L.S.
75 100,00 36,82 . 0,00 7,44
63 100,00 . : L .
53 100,00 DENSITY AND SHAPE INFORMATION
37,5. 89,73
26,5 : 69,32 ARD (+4,75)| ARD (-4,75) S BD
19,0 60,57
13,2 51,44 2,727 2,853 0,00
4,75 33,96
2,00 26,16 BRD (+4,75)| BRD (-4,75) WFD
0,425 14,00
0,075 _ 7,52 2,554 2,853 0,00
OUTPUT PREDICTIONS MDD in kg/cub. metre
" M D D (VIB) O M C (VIB) ZAVMC (VIB) WA | CHC "
“ 2324,16 6,12 6,52 - 7,01 1,640
MDD Mod AASHTO OMC Mod AASHTO ZAVMC HMod. WA
2201,81 7,50 8,70 - 9,40 1,640 2,656 i

C B R NOT PREDICTED WITHOUT "SBD" AND "WFD"




SAMPLE No.

S2BASE

B-i12

DATE : 93-09-27

DESCRIPTION : Base (Section 2 CH 27900-28500)

REMARK

INPUT INFORMATION

MATERIAL TYPE 2

GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) % PASSING L.L. P.I. L.S.
75 100,00 0,00 mL: 0,00 0,00
63 100,00 - =
53 100,00 DENSITY AND SHAPE INFORMATION
37,5 100,00
26,5 90,88 ARD (+4,75)| ARD (-4,75) S BD
19,0 74,85
13,2 55,38 2,794 2,740 0,00
4,75 33,55
2,00 24,20 BRD (+4,75)] BRD (-4,75) WFD
0,425 16,87
0,075 6,36 2,725 2,740 0,00

OUTPUT PREDICTIONS

MDD in kg/cub. metre

_ _ e

MDD (VIB) 0 M C (VIB) ZAVMC (VIB) WA CHC
2425,43 4,46 5,49 - 5,20 | 0,602 3,442

MDD Mod AASHTO | OMC Mod AASHTO ZAVHC Mod. WA R S D
2255, 63 5,64 7,85 - 8,31 | 0,602 | 2,730

C B R NOT PREDICTED WITHOUT

"SBD" AND "WFD"




SAMPLE No. : S3SL2 DATE : 93-09-27

DESCRIPTION : Selected layer 2 (upper) (Section 3 CH29300-29900)

REMARK :
INPUT INFORMATION MATERIAL TYPE 2 g
GRADING ATTERBERG LIMITS i
Metric Units (Casagrande Apparatus) N

_ . . 7

SIEVE (mm) $ PASSING L.L. P.I. L.S. ,
75 100,00 24,80 4,45 3,70 B

63 | 100,00 S = e

53 100,00 DENSITY AND SHAPE INFORMATION o

37,5 91,92 _ i
26,5 85,67 ARD (+4,75)| ARD (-4,75) SBD E
19,0 75,71 - b
13,2 66,87 2,811 2,894 0,00 n
4,75 51,38 : oy
2,00 | 40,74 BRD (+4,75)| BRD (-4,75) WFD ;
0,425 | 21,42 - 58

0,075 | 13,47 2,468 2,894 0,00 ,
. . Y

OUTPUT PREDICTIONS MDD in kg/cub. metre -
" M DD (VIB) OMC (VIB) | 2ZAVMC (VIB) | WA cCHC g
| 2263, 02 8,52 9,00 - 9,37 | 2,408 | 7,317 5
— e el :
I MDD Mod AASHTO | OMC Mod AASHTO |  ZAVMC Mod. WA RSD T

“ 2162,36 : 9,20 11,09 - 11,43 2,404 | 2,687 gfﬁ

C B R NOT PREDICTED WITHOUT "SBD" AND "WFD"




SAMPLE No.

: 5358B2

B-14

DATE :

93-09-27

DESCRIPTION : Subbase 2 (upper) (Section 3 CH29300~-29900)

REMARK :
INPUT INFORMATION MATERIAL TYPE 2
GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) % PASSING L.L. P.T. L.S.
75 100,00 49,75 0,00 11,34
63 100,00
53 . 100,00 DENSITY AND SHAPE INFORMATION
37,5 92,97 -
26,5 83,05 ARD (+4,75)! ARD (-4,75) S BD
19,0 65,52
13,2 52,83 2,759 2,685 0,00
4,75 34,75
2,00 25,29 BRD (+4,75)| BRD (=-4,75) WFD
0,425 11,03 -
0,075 5,76 2,504 2,685 0,00

OUTPUT PREDICTIONS

MDD in kg/cub. metre

0 M C (VIB)

ZAVMC (VIB) WA CHC

10,15 - 10,97

MDD (VIB)
2218, 44 7,70 8,01 - 8,53 2,408 6,379
MDD Mod AASHTO | OMC Mod AASHTO | = ZAVMC Mod. WA RS D
. 2104,51 8,58 2,408 2,567

C BR NOT PREDICTED WITHOUT

IISBD“

AND "WFD"




SAMPLE No. @

B-15

S3Base

DATE :

DESCRIPTION : Base (Section 3 CH29300-29500)

REMARK :

INPUT INFORMATION

93-09~27

MATERIAL TYPE 2

T e

GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) $ PASSING L.L. P.I. L.S.
75 100,00 0,00 0,00 0,00
63 100,00 -
53 100,00 DENSITY AND SHAPE INFORMATION
37,5 100,00
26,5 90,88 ARD (+4,75)| ARD (-4,75) SBD
19,0 74,85
13,2 55,38 2,794 2,740 0,00
4,75 33,55
2,00 24,20 BRD (+4,75)| BRD (-4,75) WFD
0,425 16,87
0,075 6,36 2,725 2,740 0,00
OUTPUT PREDICTIONS MDD in kg/cub. metre
1 . e
ﬂ M D D (VIB) O M C (VIB) ZAVMC “(VIB) WA CHC
“ 2425,43 4,46 5,49 - 5,20 0,602 3,442
| MDD Mod AASHTO | OMC Mod AASHTOC ZAVMC Hod. WA RSD
2255,63 5,64 7,85 - 8,31 0,602 2,730
C BR NOT PREDICTED WITHOUT "“SBD" AND "WFD"

S




B-16

SAMPLE No. : S4SLa DATE : 93-09-27

DESCRIPTION : Selected layer 1 (lower) (Section 4 CH17300-~17600)

REMARK :
INPUT INFORMATION MATERIAL TYPE 2
GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) % PASSING L.L. P.I. L.S.
75 100,00 27,68 5,16 | 3,77
63 100, 00 L =
53 100,00 DENSITY AND SHAPE INFORMATION
37,5 81,76 : —
26,5 66,36 ARD (+4,75)| ARD (-4,75) SBD
19,0 61,69
13,2 56,69 . 2,743 2,759 0,00
4,75 47,60
2,00 41,22 BRD (+4,75)| BRD (=-4,75) WFD
0,425 35,20
0,075 ' 24,89 2,393 2,759 0,00
QUTPUT PREDICTIONS MDD in kg/cub. metre
M DD (VIB) O M C (VIB) ZAVMC (VIB) | WA | CHC
2193,40 8,01 8,27 - 9,43 2,794 7,603
MDD Mod AASHTO OMC Mod AASHTO ZAVMC Mod. WA RSD
2109,31 | 9,62 10,28 - 11,25 | 2,794 | 2,567

C B R NOT PREDICTED WITHOUT "sSBD" AND "WFD"




SAMPLE No.
DESCRIPTION :
REMARK

INPUT INFORMATION

S458L2

B-17

DATE : 93-09-27

Selected layer 2 (upper) (Section 4 CH17300~17600)

MATERIAL TYPE 2

- e
GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) $ PASSING L.L. P.I. L.S.
75 100,00 17,31 1,64 1,35
63 100,00 ==
53 100,00 DENSITY AND SHAPE INFORMATION
37,5 96,28
26,5 92,15 ARD (+4,75)| ARD (-4,75) SBD
19,0 91,19
13,2 87,82 2,940 2,692 0,00
4,75 75,70
2,00 59,56 BRD (+4,75)| BRD (-4,75) WFD
0,425 45,77
0,075 21,73 2,423 2,692 0,00

OUTPUT PREDICTIONS

MDD in kg/cub. metre

. j ]
M D D (VIB) O M C (VIB) ZAVMC (VIB) WA cHC
2155, 05 8,53 9,30 - 10,09 | 1,764 7,766
MDD Mod AASHTO | OMC Mod AASHTO ZAVMC Mod. WA RSD
2078,54 9,50 11,23 - 11,80 1,764 2,627

¢ B R NOT PREDICTED WITHOUT

" SBDII

AND "WFD®




SAMPLE No. :

545B1

B-18

DATE :

93-09~-27

DESCRIPTION : Subbase 1 (lower) (Section 4 CH17300-17600})

REMARK :

INPUT INFORMATION

'MATERIAL TYPE 2

GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) ¥ PASSING L.L. P.I. L.S.
75 100,00 30,18 4,50 5,28
63 100,00 . _ :
53 100,00 DENSITY AND SHAPE INFORMATION
37,5 92,92 -
26,5 91,60 ARD (+4,75)] ARD (-4,75) S BD
19,0 85,40 . .
13,2 79,77 2,886 2,894 0,00
4,75 67,24
2,00 57,95 BRD (+4,75)| BRD (-4,75) WFD
0,425 45,01 :
0,075 32,79 2,381 2,894 0,00
OUTPUT PREDICTIONS MDD in kg/cub. metre
M D D (VIB) OMC (VIB) ZAVMC (VIB) WA CHC "
2139,74 11,84 11,76 - 12,46 2,408 9,615‘
MDD Mod AASHTO OMC Mod AASHTO ZAVMC Hod. | WA RSD |
2102,37 11,53 13,44 - 13,29 2,408 2,726 "

C BR NOT PREDICTED WITHOUT

IISBD"

AND "WFD™




B-19

SAMPLE No. : S4S5B2 DATE : 93-09-27

DESCRIPTION : Subbase 2 (upper) (Section 4 CH17300-17600)

REMARK :
INPUT INFORMATION MATERIAL TYPE 2
GRADING ' ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE {(mm) % PASSING | L.L. P.I. L.S.
75 ! 100,00 26,45 0,00 4,13
63 100,00 . .
53 100,00 DENSITY AND SHAPE INFORMATION
37,5 100,00
26,5 _ 97,83 ARD (+4,75)| ARD (~4,75) SBD
19,0 ] 94,88 ‘ '
13,2 ' 87,87 3,103 2,833 0,00
4,75 ' 69,49
2,00 57,83 BRD (+4,75)| BRD (-4,75) WFD
0,425 39,66
0,075 17,14 2,543 2,833 0,00
OUTPUT PREDICTIONS MDD in kg/cub. metre
M DD (VIB) | O M C (VIB) ZAVMC (VIB) WA CHC
2167,91 11,17 11,33 - 11,86 2,165 | 9,135
MDD Mod AASHTO | OMC Mod AASHTO ZAVMC Mod. WA RSD
2118,26 11,13 13,12 - 12,94 2,165 2,745

C B R NOT PREDICTED WITHOUT "SBD" AND "WFD"




i
4

B-20

SAMPLE No. : S54SB2 DATE : 93-09-27

DESCRIPTION : Subbase 2 (upper) (Section 4 CH17300-17600)

REMARK :
INPUT INFORMATION MATERIAL TYPE 2
GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) $ PASSING L.L. P.I. L.S.
75 [ 100,00 26,45 0,00 4,13
63 | 100,00
53 160,00 DENSITY AND SHAPE INFORMATION
37,5 { 100,00
26,5 97,83 ARD (+4,75)| ARD (-4,75) SBD
19,0 94,88
13,2 87,87 3,103 2,833 0,00
4,75 | 69,49
2,00 57,83 BRD (+4,75)| BRD (-4,75) WFD
0,425 39,66 -
0,075 17,14 ' 2,543 2,833 0,00
OUTPUT PREDICTIONS MDD in kg/cub. metre
M D D (VIB) O M C (VIB) ZAVMC (VIB) WA cCHC
2167,91 ' 11,17 11,33 - 11,86 2,165 9,135
MDD Mod AASHTO OMC Mod AASHTO ZAVMC Mod. WA RSD
2118,26 11,13 { 13,12 - 12,94 2,165 | 2,745

C B R NOT PREDICTED WITHOUT "SBD" AND "WFD"




B-21

SAMPLE No. : S4Base DATE : $3-09-27

DESCRIPTION : Base (Section 4 CH17300-17600)

REMARK : .
INPUT INFORMATION MATERIAL TYPE 2
GRADING ATTERBERG LIMITS
Metric Units (Casagrande Apparatus)
SIEVE (mm) % PASSING L.L. p.I. L.S.
75 100,00 0,00 0,00 0,00
53 100,00 DENSITY AND SHAPE INFORMATION
37,5 100,00
26,5 87,42 ARD (+4,75)| ARD (-4,75) SBD
19,0 ! 66,36
13,2 ] 58,20 2,739 2,721 0,00
4,75 38,99
2,00 27,89 BRD (+4,75)| BRD (-4,75) WFD
0,425 15,52
0,075 7,91 2,727 2,721 0,00
= > o
QUTPUT PREDICTIONS MDD in kg/cub. metre
I e e e e e
" M DD (VIB) O M C (VIB) ZAVMC (VIB) WA CHC
1 2395,63 4,38 5,52 - 5,14 0,098 3,237
l MDD Mod AASHTO OMC Mod AASHTO ZAVMC Hod.
“ 2231,08 5,55 ' 7,85 - 8,22 0,098 2,725

C B R NOT PREDICTED WITHOUT "“SBD" AND "WFD"
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Figure B}: Dry density against moisture content after compaction on the vibratory
compaction table for fill on Section 1
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Figure B2: Dry density against moisture content after compaction on the vibratory

compaction table for lower selected layer on Section 1
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Figure B3: Dry density against moisture content after compaction on the vibratory
compaction table for upper selected layer on Section 1
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Dry density against moisture content after compaction on the vibratory

compaction table for lower subbase on Section 1
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Figure B5: Dry density against moisture content after compaction on the vibratory
compaction table for base on Section 1
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Figure B6: Dry density against moisture content after compaction on the vibratory

compaction table for lower selected layer on Section 2
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Figure B7: Dry density against moisture content after compaction on the vibratory
compaction table for upper selected layer on Section 2
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Figure B9: Dry density against moisture content after compaction on the vibratory
compaction table for upper subbase on Section 2
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Figure BL0: Dry density against moisture content after compaction on the vibratory

compaction table for base on Section 2
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Figure B11: Dry density against moisture content after compaction on the vibratory J
compaction table for lower selected layer on Section 3 i3
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Figure B12: Dry density apainst moisture content after compaction on the vibratory

compaction table for upper selected layer on Section 3
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Figure B13: Dry density against moisture-content after compaction on the vibratory
compaction table for lower subbase on Section 3
2300
\
2200 [~
\
~ %)
-
1800 LS BN i
1800 6 7 8 10
Molature content (%)

Figure B14:

Dry density against moisture content after compaction on the vibratory

comnpaction table for upper subbase on Section 3
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Figure B15: Dry density against moisture content after compaction en the vibratory

compaction table for base on Section 3
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Figure B16: Dry density against moisture content after compaction on the vibratory

compaction table for lower selected layer on Section 4
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Figure B17: Dry density against moisture content after compaction on the vibratory
compaction table for upper selected layer on Section 4
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Dry density against moisture content after compaction on the vibratory

compaction table for lower subbase on Section 4
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figure B19: Dry density against moisture content after compaction on the vibratory B
compaction table for upper subbase on Section 4 l
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Figure B20: Dry density against moisture content after compaction on the vibratory

compaction table for base on Section 4






