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INTRODUCTION
The California Bearing Ratio (CBR) is a 
standard test used in the characterisation 
of roadbed and many pavement materials, 
and in some thickness design methods. 
It is a relatively lengthy, expensive and 
poorly reproducible test, which requires 
a large amount of material. This material 
may have to be transported over large 
distances in some cases. These factors limit 
the number of tests that can be carried 
out economically.

On the other hand, soil is an inherently 
variable material, and a relatively large 
number of tests are required for adequate 
characterisation. Indicator tests such as 
Atterberg limits, linear shrinkage (LS) 
and grading are relatively inexpensive and 
require little material, although they also 
suffer from reproducibility problems.

If it is accepted that the CBR is the bet-
ter test, and a reliable way of predicting it 
from indicator tests can be found, then the 
cost of pavement design and construction 
control could be reduced and/or their reli-
ability increased. It is the purpose of this 
paper to present methods to predict:

QQ the maximum soaked CBR at Proctor 
compaction

QQ the Proctor compaction characteristics
QQ relationships between soaked and 

unsoaked CBR
QQ Proctor and MAASHO compaction 

characteristics.

All the proposed relationships were devel-
oped from a database of mostly Transvaal 
subgrade soils.

Unless qualified, the term “soil” is used 
in this paper in its widest engineering sense, 
and the term “local soils” to mean southern 
African soils. The term modified “AASHO” 
and not “AASHTO” is used because the heavy 
laboratory compaction effort used in South 
Africa is the old modified AASHO effort of 
2 413 kJ/m3 that is somewhat less than the 
current heavy AASHTO : T180 effort of 
2 695 kJ/m3 and which results in densities 
that are about 0.5% lower (DoT 1970). The 
term “modified AASHTO” is therefore incor-
rect. The term “Transvaal” is used here for 
convenience to mean the area included by the 
current provinces of Gauteng, Mpumalanga, 
Limpopo and North West.

PREVIOUS WORK
It is not the purpose of the paper to review 
previous attempts to predict the CBR and 
compaction characteristics, as this has been 
done locally by Haupt (1980), Stephens (1988, 
1990), Netterberg (1994) and Breytenbach 
et al (2010). However, some discussions of 
Kleyn’s (1955) method for the prediction 
of the maximum soaked CBR at Proctor 
compaction from the grading modulus 
(GM) and plasticity index (PI) is relevant, 
as the same CBR method was used for the 
Haupt database described here. This CBR 
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A preliminary statistical analysis of 914 mostly Transvaal soils of average selected subgrade 
quality produced useful, highly statistically significant methods for the prediction of the 
maximum Proctor CBR and the Proctor compaction characteristics, as well as relationships 
between soaked and unsoaked CBR and between Proctor and MAASHO compaction 
characteristics. Because of the well-known poor reproducibilty of the CBR, as well as the indicator 
tests used, it is believed that the accuracy of the prediction methods is better than it appears 
from the large scatter of results. These methods do not replace CBR testing but supplement it by 
possibly reducing the number of expensive tests and providing a check on gross errors.
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procedure is/was apparently only used in 
central and southern Africa, including the 
former Transvaal and Namibia, on centreline 
survey samples for the determination of the 
design CBR for cover requirements for new 
roads. For this purpose, the Transvaal Roads 
Department (TRD 1978) accepted either the 
CBR at 93% of modified AASHO (MAASHO) 
maximum dry density (MDD), i.e. compacted 
at modified optimum moisture content and 
effort according to the usual methods (DoT 
1970; NITRR 1986) or the maximum Proctor 
CBR. This method of determining cover 
requirements was apparently later superseded 
by a catalogue-design method (TRD 1994).

Kleyn offered his method as the “best 
fit” to the test results on 1 134 samples 
from road and airport jobs in central and 
southern Africa, i.e. not as a replacement 
for the CBR, but as a rough check on it 
and as a supplement to possibly reducing 
the number of these expensive, time- and 
material-consuming tests. He warned that 
it was only approximate unless corre-
lated for a particular type of material.

RESULTS
The database essentially consists of test 
results carried out on 1 084 soil samples 

from the former Transvaal Province, 28 
from Namibia and 20 from the former 
Cape Province (Haupt 1980), details of 
which are summarised in Table 1.

The Transvaal soils were tested by 
several different laboratories, but the others 
were all tested at the National Institute for 
Transport and Road Research (NITRR).

As part of an investigation of existing 
roads in 1973 the former Transvaal Roads 
Department (TRD) dug a total of 1 102 holes 
in roads all over the Transvaal and tested the 
subgrade (Burrow 1975). The results of this 
survey were then combined with two much 
smaller but otherwise similar surveys by the 
authors in 1978 in a very dry area (southern 
Namibia) (31 sites), and a continuously wet 
area receiving rain all year round (George–
Storms River in the Cape) (29 sites). These 
two smaller extensions to the Transvaal 
survey were carried out to test and extend 
the validity to very dry and very wet areas, 
because the main purpose of the work was 
to study moisture and suction in pavements 
and to develop methods for their prediction 
(Haupt 1981). This main objective was later 
extended by Emery (1992). However, a pre-
liminary analysis of the results with a view 
to developing a method for the prediction of 
CBR was also carried out.

The number of valid test results used in 
the analysis depended upon what variables 
were used as predictors. The lowest number 
of test results used was 1 037 as shown in 
Table 1. The mean maximum Proctor CBR 
of 914 former Transvaal results, for example, 
was 18 with a standard deviation of 13. 
The mean GM was 1.24 with a standard 
deviation of 0.57. The “subgrade” samples 
tested therefore represented a wide range 
of materials ranging from G10 (the worst 
allowable roadbed or subgrade material) to 
G4 (potential base course) with a mean of 
G7 (selected subgrade) according to cur-
rent practice (COLTO 1996, 1998). Of the 
valid test results used 97% had CBR values 
between 1 and 50, which means that the 
relationships reported in this paper should 
not be applied to CBR values much higher 
than 50. Only 20 samples had higher CBRs.

LABORATORY TEST METHODS
The test methods used were those of the 
Department of Transport (DoT 1970) 
except that, following Kleyn’s (1955) 
approach and normal Transvaal Roads 
Department (TRD 1973, 1978) practice on 
centreline and selected subgrade samples, 
the specimens used for determination of 

Table 1 Summary of descriptive statistics (Haupt 1980)
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Equilibrium moisture content EMC % 1 130 28 1 072 30 5.75 10.50 19.74 2.90 1.20 4.40 11.60 38.90 104

Grading modulus GM – 1 149 28 1 091 30 1.48 1.24 0.59 0.70 0.10 0.04 2.69 2.57 1.47

Liquid limit LL % 1 040 25 996 19 25.64 29.02 25.62 18 13 12 51 88 51

Plastic limit PL % 1 037 25 993 19 14.08 16.15 14.68 10 8 7 20 41 25

Plasticity index PI % 1 188 28 993 19 10.39 12.91 7.27 0 1 0 31 57 28

Bar linear shrinkage LS % 1 135 28 1 077 30 4.79 5.51 2.88 0 0.30 0 10 21.70 12

Sand equivalent SE – 1 113 28 1 055 30 20.25 14.38 13.63 9 2 0 55 46 70

Proctor maximum dry density MDD kg/m3 1 139 28 1 086 20 2 021.0 1 887.9 1 821.7 1 784 1 311 1 517 2 234 2 396 2 035

Proctor opt moisture content OMC % 1 249 28 1 086 20 10.46 12.88 14.0 6.90 6.10 8.40 18.50 31.20 24.10

Maximum CBR (Proctor) CBR % 1 132 28 1 084 20 29.20 20.33 30.53 4.00 0.90 3 62 120 72

% passing 425 μm sieve P425 % 1 137 28 1 079 30 51.93 63.09 89.47 10 11 58 94 99 100

% passing 75 μm sieve P075 % 1 137 28 1 079 30 28.57 35.85 55.93 7 4 13 66 91 96

Mean annual rainfall MAR mm 1 144 28 1 086 30 138.90 690.20 993.20 110.00 400 700 180 1 500 1 230

Weinert’s (1980) N-value N – 1 285 28 1 086 30 44.40 3.30 1.00 32.00 1.00 1.00 50.00 7.60 1

Thornwaite’s moisture index 
(Schulze 1958)

I cm 1 105 28 1 086 30 –40.00 –4.79 10.00 –40 –45 10 –40 100 10
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the Proctor MDD and OMC were soaked 
for four days and the CBR at a penetration 
of 2.54 mm determined on each. By draw-
ing a graph of soaked CBR against compac-
tion moisture content the maximum CBR 
at Proctor compaction was determined. 
The CBR obtained by this method is usu-
ally slightly higher than the CBR at Proctor 
MDD and was said to be more representa-
tive of subgrade conditions, to require less 
material and work, and to be more repro-
ducible on such materials than the usual 
method requiring accurate moulding at a 
predetermined moisture content. The soil 
preparation method used for the grading, 
Atterberg limits and linear shrinkage was 
the A-1(a) wet method. These methods 
do not differ significantly from those in 
more recent use (NITRR 1986). The grad-
ing modulus was defined as the sum of 
the cumulative percentages retained on 
the 2.00 mm, 425 µm and 075 µm sieves 
divided by 100 (Kleyn 1955) or, as actually 
used to compile the database:

GM = 3 ⎫
⎪
⎭

P2000 + P425 + P075

100
⎫
⎪
⎭
� (1)

Where 
	P2000	 =	� cumulative % < 2.00 mm 

(2000 µm)
	 P200	 =	� cumulative % < 425 µm
	 P075	 =	 cumulative % < 075 µm

STATISTICAL ANALYSIS

Methods
The computer program used in these ana
lyses was the then latest (about 1975) ver-
sion of the Statistical Package for the Social 
Sciences (SPSS). However, the significance 
testing was done later by hand calculator.

It is important to note that all the 
predictors (e.g. PI) used in this analysis 
suffer from poor reproducibility and thus 
include implicit errors of measurement. 
This means that classical regression theory 
may not strictly be applied to these predic-
tors, because it assumes that predictors are 
known accurately and with a normal distri-
bution of error. Although this assumption 
was therefore not always true, there was no 
readily available statistical theory to treat 
uncertainties in both the predictor and the 
predicted. Experience has, however, shown 
that if the normal regression theory is used 
in this case, the resultant error is not unac-
ceptably large (personal communication 
with J J de Jager 1978, CSIR).

The basic contribution characteristics 
of each of the variables to be used in the 
subsequent statistical analysis was first 
determined. This information on the dis-
tribution and central tendencies of the vari-
ables provided the necessary information 
required for the selection of subsequent 
statistical techniques (Tables 1 and 2).

A multiple stepwise linear regression 
was performed next. This required the 
variables to be measured on the interval 
(distances between categories are defined 
in terms of fixed and equal units) or ratio 
(as interval level but with inherently 
defined zero point) level and that the rela-
tionships among the variables are linear 
and additive. These restrictions are not 
absolute, however, and nominal variables 
can be incorporated into the regression 
using various techniques. They have been 

incorporated in this analysis and, although 
they do not strictly satisfy the assumptions 
of regression, the technique has been suc-
cessfully applied elsewhere (personal com-
munication with J J de Jager 1978, CSIR). 
The structure of the data, on the other 
hand, made it difficult to carry out a statis-
tical test for linearity, but the plots (Haupt 
1980) clearly show that not all parameters 
have linear relationships with the moisture 
content. Various different functions were 
used to transform the variables and to 
optimise the transformations.

A multivariate stepwise linear regres-
sion was then carried out on the results 
on all 914 samples. From the correlation 
coefficients between the relevant variables 
given in Tables 2 and 3, it is apparent that 
many of the parameters that correlate 
highly (r ≥ 0.8) with CBR also correlate 

Table 2 �Correlation coefficients (r) between maximum Proctor CBR and independent variables 
and descriptive statistics for the Haupt (1980) database for Transvaal soils

Linear Descriptive statistics(2) Non-linear

Parameter (r) Mean Std Dev Parameter (r)

CBR(1) – 18.02 13.01

P075 –0.69 37.24 17.55 Log (P075) –0.76

SE +0.69 13.76 6.06 e(SE) +0.69

LSA(3) –0.67 – – – –

GM +0.64 1.237 0.570 e(GM) –0.64

LLT(4) –0.64 35.74 11.34 Log (LLT) –0.72

PIA(5) –0.63 – – – –

LLM(6) –0.63 – – – –

MDD +0.63 1 879.17 171.03 MDD2 +0.65

LST(7) –0.62 110.5 85.5 Log (LST) –0.78

LSM(8) –0.61 – – – –

PM(9) –0.59 – – – –

LS –0.58 5.94 3.61 Log (LS) +0.64

PIT(10) –0.58 104.10 77.97 Log (PIT) –0.73

P425 –0.58 62.56 21.82 Log (P425) –0.58

OMC –0.55 13.22 4.35 Log (OMC) –0.61

PI –0.52 12.96 8.18 Log (PI) –0.60

LL –0.47 29.08 11.38 Log (LL) –0.51

PL –0.26 16.12 4.33 – –

MAR –0.18 6.86 1.27 – –

I –0.13 -5.30 16.52 – –

N +0.07 3.33 1.21 – –

Notes:
1.	� CBR = max Proctor 2.54 mm 

CBR after four days’ soaking
2.	� Haupt (1980 p 338); n = 914
3.	� LSA = LS0.7 (P425)0.3

4.	� LLT = LL0.7 (P425)0.3

5.	� PIA = PI0.7 (P425)0.3

6.	� LLM = LL (P425)
7.	� LST = LS (P425)0.7

	 8.	� LSM = LS (P425)
	 9.	� PM = PI (P425)
	10.	� PIT = PI (P425)0.5
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highly with each other. This implies that, 
if one of these is used in a regression 
equation, little improvement in accuracy 
will result from adding another, since they 
explain the same variance.

Because the LL, PI and LS are deter-
mined on the fraction finer than 425 µm, 
simple products between these and the 
P425 and more complex adjustments were 
determined (Table 2). The adjustments 
shown are actually those found to correlate 
best with the equilibrium moisture content 
in pavements and are not necessarily those 
which correlate best with CBR. These still 
have to be found.

The results are expressed in terms of 
single (r) and multiple (R) correlation coef-
ficients, standard errors of estimate (SEE) 
and significance level (α). The square of the 
correlation coefficient explains the propor-
tion of the variance accounted for by the 
particular relationship. The SEE represents 
the standard deviation of the actual values 
around the prediction values and provides 
an estimate of the prediction accuracy of 
the particular regression equation.

Prediction of CBR
Table 2 shows that, when analysing the 
data for linear relationships, the best 

single parameters were the percentage 
passing the 075 µm sieve (P075) and the 
sand equivalent (SE), both with correla-
tion coefficients of –0.69. It is therefore 
recommended that research on the sand 
equivalent be carried out with a view to 
substituting it for the Atterberg limits. 
The next best was the adjusted linear 
shrinkage (LSA: r = –0.67) followed by 
the grading modulus alone (GM: r = 0.64). 
Of the simple products of a soil constant 
and the P425 the modified LL (LLM: 
r = –0.63) was the best, followed by the 
modified LS (LSM: r = –0.61) and the 
modified PI (PM: r = –0.59). The LS was 
the best (r = –0.58) of the common, simple 
plasticity parameters, followed by the PI 
(r = –0.52), with the LL being the worst 
(r = –0.47). This confirms Kleyn’s (1955) 
observation that all attempts to correlate 
LL with CBR failed.

Although the LL was the worst of 
the LL, PI and LS, it was the best of the 
simple products with P425. The correla-
tion coefficient found by Haupt (1980) for 
the P075 of –0.69 was slightly better than 
that for GM (+0.64). It is recommended 
that Kleyn’s method should be evaluated 
against Haupt’s database, which contains 
the correct type of CBR results for Kleyn’s 

method. The preliminary models devel-
oped by Haupt (1980) are summarised in 
Table 4.

These equations show that, with only 
grading and LS results, the CBR can be pre-
dicted with a correlation coefficient of 0.83 
and SEE of about 8 at a significance level 
better than 0.1%. These equations repre
sent only a preliminary analysis of mostly 
subgrade materials (i.e. relatively low CBR). 
They significantly underestimate CBRs 
above 50 and should not be indiscriminately 
applied to better quality materials.

It is believed that the general method 
was sound in that a stepwise multivariate 
approach of likely factors was used. The 
transformation and adjustments of LS and 
P425, etc, reported here are the optima 
found for the prediction of equilibrium 
moisture content rather than for CBR. It is, 
however, likely that something other than 
a simple product of, for example, LS and 
P425 would also give the best correlation 
with CBR. In view of the better correlation 
coefficient for P075 of –0.69 than for P425 
of –0.58 it is recommended that combina-
tions with the former be tried.

Sufficient statistical parameters are 
reported to calculate characteristic values 
which in engineering design normally refers 
to the 95% confidence interval. In this case 
the 85% confidence interval is reported due 
to the variability in the predictor values. 
For example, in Equation 2 with GM = 2.0, 
LS = 4.5 and P425 = 35 the predicted 
CBR (PCBR) = 29.6. The min/max char-
acteristic value would be = PCBR ±Z(SEE/
mean)*PCBR where Z = 1.04 at the 85% 
confidence interval, SEE = 7.6 and mean = 
18. Therefore the minimum CBR at the 85% 
confidence level = 29.6 – 1.04(7.6/18)*29.6 = 
16.6, rounded off to 17.

Haupt’s six models were investigated by 
Stephens (1988, 1990) on Natal soils – he 
found “a very large scatter of results” and 
rather “minimal agreement with correlated 
data” for all of them. Comparisons were 
apparently carried out at 100% MAASHO 
density for CBR values of less than 50 and 
at 95% for all values. These were not the 
maximum CBR (at Proctor compaction) as 
used by Haupt but were derived graphically 
from specimens all compacted at MAASHO 
OMC at different efforts. Plots of Haupt’s 
adjusted or transformed parameters LLT, 
PIT and LST against CBR were said to have 
given similar correlation coefficients to 
Haupt’s for dolerites, shales and laterites 
only. However, as the equivalent untrans-
formed or unadjusted parameters gave 

Table 3 Inter-parameter correlation coefficients (r)

Parameter OMC MDD CBR SE LL PI LS P425 P075

MDD –0.92 – – – – – – – –

CBR –0.55 0.65 – – – – – – –

SE –0.63 0.70 0.70 – – – – – –

LL 0.88 –0.78 –0.47 –0.52 – – – – –

PI 0.95 –0.76 –0.53 –0.58 0.95 – – – –

LS 0.95 –0.76 –0.54 –0.59 0.95 0.98 – – –

P425 0.45 –0.82 –0.66 –0.67 0.22 0.30 0.28 – –

P075 0.75 –0.82 –0.70 –0.77 0.58 0.61 0.63 0.81 –

GM 0.53 0.69 0.69 0.69 0.31 0.39 –0.38 –0.98 –0.88

Table 4 Summary of useful CBR prediction models

Equation 
No

CBR = R α < SEE

2 2.1(eGM) – 23 log {LS (P425)0.7} + 54 0.83 0.001 7.6

3 96.3 – 17.8 log {LS (P425)0.7} – 28.7 log (P075) 0.83 0.001 8.5

4 97.7 – 17.1 log {PI (P425)0.5} – 30.7 log (P075) 0.81 0.001 8.0

5 119.6 – 33 log {LL0.7 (P425)0.3} – 33.2 log (P075) 0.79 0.001 8.4

6 80.5 – 32.3 log {LS (P425)0.7} 0.77 0.001 8.7

7 90 – 47.4 log (P075) 0.77 0.001 8.7

Notes: CBR = maximum 2.54 mm Proctor CBR after four days of soaking; x = 18.0; std dev = 13.0; n = 914
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equivalent or better correlations in most 
cases, further work was limited to them.

According to Stephens (1990), Kleyn’s 
method predicted the CBR of Kwazulu-
Natal soils most closely at 95% MAASHO.

Stephens’ (1988, 1990) condemnation of 
these and some other models appears too 
summary and too severe. Figure 1, for exam-
ple, does show a large scatter and his equa-
tion for Kleyn’s (1955) method (transformed 
here by the authors as Equation 8) yielded a 
correlation coefficient (r) of only 0.53 when 
attempting to predict the 95% MAASHO 
CBR of 1 418 Natal soils, but significance 
testing by the authors showed that in view 
of the large number of results it is highly 
significant at better than the 0.001 level.

CBRMP = 16.7 ea� (8)

Where
	CBRMP	 =	 Maximum Proctor CBR
	 a	 =	 (12GM – PI)/18.5

As had been pointed out by Netterberg 
(1994) and others, much, perhaps most, of 
the scatter in such predictions is probably 
due to the well-known poor reproducibility 
of both the CBR and indicator tests, as well 
as the different CBR method employed in 
this case.

Haupt did not provide scattergrams of his 
models, but the scatter in Figure 1 is prob-
ably approximately what would have been 
expected from the standard error of estimate 
(SEE) and accuracy given for Equation 2 in 

Table 4. It can therefore be concluded that 
Haupt’s models (at least Equation 2) are little 
better than that of Kleyn (1955) insofar as 
the accuracy of estimate at 95% MAASHO 
is concerned. Figure 1 also shows that, on 
average, it is overpredicting the CBR at 95% 
by about 10%, and an average of 93% may be 
more appropriate.

It is recommended that Haupt’s equa-
tions be evaluated against a database 
containing maximum Proctor CBRs and 
that various combinations of P425 and P075 
with plasticity and shrinkage parameters 
also be tried. In particular, the use of the 
simple product of the P425 and the linear 
shrinkage seems to be the simplest and best 
(Stephens 1988, 1990) and has been used in 
local specifications for calcretes for unsealed 
and sealed roads (e.g. Netterberg 1978, 1982; 
COLTO 1998) to ensure a minimum CBR.

Models developed by Semmelink (1991) 
for the prediction of the unsoaked CBR 
immediately after compaction from the 
grading, LL, LS, particle shape and fac-
tors for density and moisture content (his 
Models A and F) yielded a r2 of 0.82 and 
SE of 0.22 for 1 077 “data points”. However, 
none of the eleven regression constants 
required was provided.

Relationship between Proctor 
and MAASHO CBR
In addition to developing equations for pre-
diction of maximum Proctor CBR, models 
relating CBR, MDD and OMC at Proctor 
compaction with those at MAASHO 

compaction, were also developed. The CBR 
relationship was:

CBRP = 0.37 CBRM� (9) 
(r not stated; CBRM ranging from 11 to 345;  
x = 88 and n = 673 local soils; α < 0.001 )

Where
CBRP	 =	� maximum 2.54 mm Proctor 

soaked CBR
CBRM	=	�� maximum 2.54 mm MAASHO 

soaked CBR

The average ratio of maximum MAASHO 
CBR to maximum Proctor CBR of 2.7 
calculated with Equation 9 is in reasonable 
agreement with the ratio of 2.5 calculated 
by the authors from the average factors 
used by VKE Engineers (A Taute 1986 
personal communication in Netterberg 
1994) to convert a maximum Proctor CBR 
(at an assumed 93% MAASHO) to an 
ordinary (i.e. at 100 %) MAASHO CBR and 
the average of 2.4 calculated by the authors 
for MAASHO 93% for ferricretes from 
Netterberg et al (2003) from work by Davel 
(1989). For ferricretes this ratio decreased 
somewhat from 2.6 at a GM of 0.5 and 1.0 
to 2.3 at a GM of 2.0 and 2.5. It is therefore 
recommended that both methods should 
receive independent checking and that 
a general method for predicting CBR at 
any percentage MAASHO compaction 
be developed.

Relationship between soaked 
and unsoaked CBR
Although Savage (2006, 2012, 2013) pro-
posed a “one-shot” method of estimating 
MAASHTO or Proctor MDD from a single 
determination of compacted density and 
moisture content (instead of the usual 4 
or 5) and the particle bulk density and the 
CBR from a single unsoaked determination 
on the same specimen, his method cannot 
be checked against the Haupt database 
as the latter does not include particle 
bulk densities. Only two local studies are 
considered here, those of Haupt (1980) 
and Emery (1985, 1992). Haupt’s (1980) 
relationship was:

CBRUP = 1.15 CBRSP + 1.2� (10) 
(r = 0.89; SEE = 5.3; n = 914; α < 0.001)

Where
	CBRUP	 =	� unsoaked (at OMC) maximum 

CBR at Proctor compaction
	CBRSP	 =	� four day soaked maximum CBR 

at Proctor compaction
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The effect of moisture content was also eval-
uated locally by Emery (1985, 1992). He first 
determined the CBR of six materials rang-
ing in quality from G1 to G10 at moisture 
contents ranging from about one-quarter of 
optimum to soaked. MAASHO compaction 
was used for the G1-G5 and Proctor for the 
G6-G10 materials. Equations relating the 
soaked CBR to CBR at various ratios of mois-
ture content to OMC were then developed, as 
well as one to describe the complete relation-
ship between CBR and moisture content:

CBRU = 56.54 (e–1.42 MC/OMC) CBRS
0.48� (11) 

(r = 0.94; accuracy not stated)

Where
	CBRU	 =	� unsoaked CBR at any den-

sity, at any moisture content less 
than saturation compacted at 
MAASHO OMC

	OMC	 =	 MAASHO OMC
	 MC	 =	 moisture content
	CBRS	 =	� soaked 2.54 mm MAASHO CBR

A similar model was developed from 245 
results from the Burrow (1975) study, 
converting the in-situ DCP results to labo-
ratory unsoaked CBRs at the field moisture 
content, the Proctor OMCs to MAASHO 
using Equation 16 and assuming the field 
compaction to be equal to Proctor:

CBRU = 53.52 (e–1.12 MC/OMC) CBRS
0.45� (12) 

(r = 0.96; accuracy not stated)

Because this equation was very similar to 
Equation 11, the two sets were merged and 
a general equation developed:

CBRU = 59.13 (e–1.33MC/OMC) CBRS
0.46� (13) 

(r = 0.95; accuracy not stated)

Emery (1985, 1992) then took this as the 
best model relating to soaked and unsoaked 
CBR. Whilst this model appears reasonable, 
in view of all the conversions and assump-
tions made it is recommended that it should 
be checked against outside data, against 
Black’s (1962) and Haupt’s (1980) model, and 
at various densities or compactions.

Relationship between Proctor and 
MAASHO compaction characteristics
Haupt’s (1980) relationship between 
Proctor and MAASHO MDD was:

MDDP = 1.2 MDDM – 553� (14) 
(r = 0.93; n = 783 local subgrade soils; 
α < 0.001)

Where
	MDDP	 =	 Proctor MDD
	MDDM	 =	 MAASHO MDD

Although it is statistically incorrect to 
mathematically invert a regression equa-
tion, a similar equation to Equation 14 
results if this is done to an equation 
developed by Emery (1985), also from the 
Burrow (1975) data file:

MDDP = 1.15 MDDM – 416� (15) 
(r = 0.95 on original equation;  
accuracy not stated; n = 784 local soils;  
α < 0.001)

It is clear from published relationships, a 
scattergram of Haupt’s (1980), and borne 
out by experience, that the ratio of Proctor 
MDD to MAASHO MDD is not a constant 
but varies with material type and with 
MDD. Ratios in the literature vary between 
85 and 97% and a scattergram for 783 
Transvaal soils shows a variation from 86 
to 99%. Figure 2 shows the variation of 
about 85% of the samples between 90–98% 
with a very rough average of about 94%, 
and with a tendency to increase with MDD. 
This means that the ratio for granular 
material is significantly higher than for 
silty/clayey materials.

The optimum moisture contents are 
related as follows (Haupt 1980):

OMCP = 1.25 (OMCM) – 0.5� (16) 
(r = 0.92; n = 783 local subgrade soils;  
α < 0.001)

Where
	OMCP	 =	 Proctor OMC
	OMCM	 =	 MAASHO OMC

An equation developed by Emery (1985) was:

OMCM = 0.80 (OMCP) + 0.4� (17) 
(r = 0.92; n=784; α < 0.001)

Haupt (1980) also found a relation between 
Proctor OMC and Proctor MDD:

OMCP = 57.5 – 0.024 (MDDP)� (18) 
(r = 0.92; SEE = 1.73; α < 0.001)

Such relationships as these are useful 
when certain tests such as the wet-dry 
brushing test must be carried out, but only 
MAASHO data is available and there is a 
shortage of material. It is therefore recom-
mended that they receive independent 
assessment. It is also recommended that 
they be evaluated on cement- and lime-
stabilised materials.

Prediction of compaction 
characteristics
Only the work of Haupt (1980), Semmelink 
(1991) and Allison and Webb (2002) will 
briefly be considered here as they appear to 
be the only local work on the subject. Haupt’s 
(1980) best prediction equations were:

MDDP = �10.3 PI – 20.5 (LL)0.7 (P425)0.3  
+ 2477� (19) 
(r = 0.93; SEE = 66; n = 914;  
α < 0.001)
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MDDP = �0.83 PL – 14 (LL)0.7 (P425)0.3  

+ 2364� (20)
(r = 0.91; SEE = 74; n = 914; α < 0.001)

OMCP = 0.3 LL0.7 (P425)0.3 + 0.2 (PL) –1� (21) 
(r = 0.93; SEE = 1.59; n = 914; α < 0.001)

Semmelink’s (1991) prediction equation 
(his Equation 2) utilised a grading factor 
(GF), P425, LL and LS:

X = �k1 (GF)0.85 + k2(A) + k3(LS) + k4A3  
+ k5� (22)

Where
	 X	 =	� MDD (vibratory, in % AD), or 

MDD (MAASHO, in % AD) or 
OMC (MAASHO, in %)

	AD	 =	 ARD × 1000
	 A	 =	 (P425/100)(LL/100)0.1

	GF	 =	� (% passing sieve size / nominal 
sieve size in mm) / 100 for sieve 
sizes 75, 63, 53, 37.5, 26.5, 19, 13.2, 
4.75 and 2.00 mm

	Pn	 =	 nominal sieve size in mm
	kn	 =	� regression constant (values not 

provided by Semmelink)

Although Semmelink presented plots 
showing close agreement between 21 
predicted and measured MAASHO MDDs 
and OMCs with r2 of 0.90 and 0.91 respec-
tively, he did not provide the regression 
constants required to use his model.

A linear regression analysis of the test 
results on 5 405 samples of KwaZulu-Natal 
soils, derived from a variety of geological 
formations by Allinson and Webb (2002), 
resulted in correlation coefficients of only 
–0.24 through 0.11 to 0.46 for MAASHO 
OMC against PI, PM, LL, LLM, plastic 
limit (PL), GM and Semmelink’s (1991) 
GF, which were mostly much lower than 
those found by Haupt (1980), as shown 
in Tables 2 and 3. A multiple regression 
analysis using Semmelink’s (1991) Equation 
2 (our Equation 22) only yielded a r = 0.44, 
although all the relationships found were 
highly significant. A preliminary consid-
eration according to the geological origin 
yielded little or no improvement – and in 
some cases was weaker. They concluded 
that it was not feasible to predict accu-
rately individual OMC, MDD or CBR from 
indicators, but only the average OMC and 
MDD for estimation purposes.

Haupt (1980) also produced a conve-
nient chart relating Proctor compaction 
characteristics to PL, LL and OMC from 
Equations 20 and 21 (Figure 3). It is 

recommended that these relationships 
be evaluated against other data sets, and 
that a chart also be developed to predict 
MAASHO compaction characteristics.

These convenient relationships between 
LLT, PL OMC and OMC enable one to 
estimate any two if the other two are avail-
able by simple interpolation. Normally the 
cheaper Atterberg and grading parameters 
would be available. Table 5 shows typical 
interpolation results.

Table 5 �Summary of useful CBR prediction 
models

Point
Given Interpolation

PL LLT OMC MDD

A 34 34 16 1915

B 17 45 16 1745

C 10 50 16 1675

Note: �MDD of B is interpolated between 1915 
and 1675

Evaluation against KwaZulu‑Natal soils
A later study by Stephens (1988, 1992a, 
1992b) involved the analysis of the results 
of tests on 1 421 Kwazulu-Natal soils from 
the archives of the Kwazulu-Natal Roads 
Department (KZNRD). A wide range of 
geological material origins and engineering 
qualities was represented, ranging from 
soil unsuitable as roadbed to potential 
base course, with an average quality of 

G7. The average quality was therefore the 
same as that of Haupt (1980 Tables 1 and 
2); only the GM was slightly lower (1.09 
against 1.24). The soil origins in these two 
databases are probably also broadly similar, 
although the Transvaal soils most likely 
included some calcretes and no tillites, 
whilst the Berea Red soils in KwaZulu-
Natal are arguably similar to many 
Transvaal red sandy soils. The laboratory 
test methods (except for the maximum 
Proctor CBR used in the Transvaal) were 
nominally the same. However, the soil 
preparation method may have differed, as 
the KZNRD changed from the DoT (1970) 
wet boiling method A1(a) to the A1(b) dry 
method in about 1970 (personal communi-
cation with R E Ashworth 2003, KZNRD).

Little correlation was found between 
CBR and GI, GM and PI or Haupt’s (1980) 
transformed or adjusted plasticity and 
shrinkage parameters. In fact, it was stated 
that the simple product was as good, or 
better than the transformed or adjusted 
parameters. Similar plots to that found 
for shrinkage modulus (LSM) were also 
found for the product of LL or PI and P425 
or P075. The correlation coefficient for 
MAASHO CBR and LSM was found to be 
–0.38 to –0.62 depending on the geologi-
cal material. However, the shrinkage was 
preferred because it was usually available 
even when the PI was not. No improvement 
was obtained with the product of the LS 
and P075. No bivariate or multivariate 
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effects were found in the relationships 
between CBR and swell, modified plastic-
ity index PM = (PIx P0425) and plasticity 
product PP = (PIxP075). No improvement 
was obtained in plots of CBR against swell 
and shrinkage modulus when they were 
restricted to G5-G7 materials.

The best correlation coefficients found 
were for logarithmic functions such as 
log(CBR) versus log(PM) (r = +0.67 for 
laterites), but simpler relationships such as 
with GM alone, e.g. +0.67 for 79 laterites 
and 0.62 for 133 dolerites, and P425 alone 
(–0.66 for the laterites and –0.62 for the 
dolerites) were almost as good. By con-
trast, for 212 sandstones, for GM alone it 
was only +0.28, log(CBR) versus log(PM) 
only –0.45 and none was found for P425, 
illustrating the importance of geological 
material as implied by Kleyn (1955).

Unfortunately, although it was recorded 
and entered in the Transvaal database, 
the geological origin of the material was 
not considered in the preliminary analysis 
reported in this paper.

DISCUSSION
From Table 2 it is clear why most of the 
existing models relating CBR to other soil 
parameters are non-linear. Non-linear and 
logarithmic or exponential models explain 
significantly more variance than linear mod-
els. It is also interesting to note that the CBR 
correlates significantly better with grading 
parameters (especially P075) and GM and SE 
than with plasticity or compaction param-
eters, and better with the SE than the PI.

The reasons why a method developed 
by one worker on a particular set of results 
fails when tested by another on a different 
set probably include the well-known poor 
repeatability and reproducibility of both 
the CBR and the indicator test methods, 
the many laboratories inevitably used to 
accumulate a large database, differences 
in both the indicator (e.g. wet or dry and 
drying temperature) and CBR (e.g. crush-
ing in all or only some oversize, scalping 
at 20 or 37.5 mm) preparation and grading 
(e.g. wet or dry) methods, whether, as 
pointed out by Semmelink (1991), the 
grading used was that before or after 
compaction, the type of CBR (at OMC 
or maximum, soaked or unsoaked, and 
whether at 2.5 or 5.0 mm penetration) and 
the problem of accurately splitting and 
preparing a 200 kg sample in several bags 
to the 50 g used for the plasticity tests. All 
these differences are in use in southern 

Africa and can significantly affect the 
results (Pinard & Netterberg 2012).

The test methods used on Kleyn’s (1955) 
South African samples were probably those 
of the DoT (1948), some of which differ from 
those of NITRR (1986).

Indicator tests do not of course include 
factors such as the particle shape and 
surface roughness, and the use of the GM, 
P425 or P075, or even Semmelink’s GF 
do not describe the actual grading, all of 
which can be expected to affect the CBR. It 
is also clear that, as Kleyn (1955) intended, 
his – or as is now clear – any other method 
should be calibrated on the job for the 
particular materials used, which would 
also only usually involve a single laboratory 
and perhaps operator. Although Stephens 
(1990) found a correlation coefficient 
of only 0.53 for his equation for Kleyn’s 
method, it was nevertheless found by the 
authors to be highly significant at better 
than the 0.001 level.

The most recent comprehensive 
study using a large database of results 
from all over South Africa and Namibia 
(Breytenbach et al 2010), in which a large 
number of models were tried, includ-
ing those of Kleyn (1955) and Haupt 
(1980) – although apparently not that of 
Semmelink (1991) – involving 28 equa-
tions for each of nearly 60 data sets, 
including over 130 regressions both linear 
and Weibull, failed to provide a single 
accurate model. At best some could be 
used only as preliminary indicators and 
not as substitutes for CBR tests. Grouping 

according to geological material origin 
was also not effective. The “high variabil-
ity” in both the CBR and indicator results 
was suggested as a possible reason for the 
poor predictability.

The most accurate relationships based 
on the Haupt study are summarised in 
Table 6.

CONCLUSIONS
QQ Useful methods for the prediction of the 

maximum Proctor CBR and the Proctor 
compaction characteristics from the 
grading and indicator properties were 
found, as well as relationships between 
soaked and unsoaked CBR, and between 
Proctor and MAASHO compaction 
characteristics.

QQ The high correlation coefficients are 
all statistically highly significant and 
indicate that the relationships found are 
real and valid, at least over the range of 
the database values reported.

QQ The relatively large errors of prediction 
are due to the well-known poor repro-
ducibility of both the predicted CBR 
and compaction characteristics, as well 
as the indicator tests, the several labo-
ratories involved, and the large number 
and variety of soils.

QQ The prediction error for a single labo-
ratory on a single source of material 
should be better researched.

QQ As this was only a preliminary attempt, 
scope probably exists for further 
improvements to be made.

Table 6 Summary of useful relationships

Equation 
No

Relationship R

2 CBRP = 2.1(eGM) – 23 log {LS (P425)0.7} + 54 0.83

9 CBRP = 0.37 CBRM –

10 CBRUP = 1.15 CBRSP + 1.2 0.89

14 MDDP = 1.2 MDDM – 553 0.93

16 OMCP = 1.25 (OMCM) – 0.5 0.92

18 OMCP = 57.5 – 0.024 (MDDP) 0.92

19 MDDP = 10.3 PI – 20.5 (LL)0.7 (P425)0.3 + 2477 0.93

21 OMCP = 0.3 LL0.7 (P425)0.3 + 0.2 ( PL) – 1 0.93

Where:
	 CBRP	 =	� Soaked CBR at Proctor compaction
	 CBRM	 =	� Soaked CBR at MAASHO compaction
	 CBRUP	 =	 Unsoaked CBR at Proctor compaction
	 MDDP	 =	� Max dry density at Proctor compaction
	MDDM	 =	� Max dry density at MAASHO compaction

	 OMCP	 =	� Optimum moisture content at Proctor 
compaction

	OMCM	 =	� Optimum moisture content at MAASHO 
compaction
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QQ Prediction methods do not replace the 
CBR but supplement it by permitting 
a reduction in the number of these 
relatively expensive tests, by providing 
a check on gross errors, and by provid-
ing a means of estimating a statisti-
cally minimum CBR. Any prediction 
method should be checked on site, and 
calibrated, if necessary, on the materi-
als used – as originally advised by 
Kleyn (1955).

RECOMMENDATIONS
QQ More research on the sand equivalent 

should be carried out with a view to 
substituting it for the Atterberg limits, 
as it correlated better with CBR than 
the Atterberg limits.

QQ The Kleyn method should be assessed 
against Haupt’s database to verify the 
low correlation coefficient between CBR 
and GM and PI, as reported by Stephens 
(1990).

QQ The transformations of CBR with P075 
should be developed, despite the fact 
that the transformations of LS and P425 
reported here show higher correlations, 
as the latter are optima-developed for 
the prediction of equilibrium moisture 
content rather than CBR. P075 cor-
relates better with CBR than P425, and 
such transformations may result in 
more accurate prediction.

QQ Haupt’s equations should be assessed 
against a database containing maximum 
Proctor CBRs, and various combina-
tions of P425 and P075 with plasticity 
and shrinkage parameters should also 
be tried. In particular, the use of the 
simple product of the P425 and the lin-
ear shrinkage seems to be the best.

QQ Emery’s (1992) best model relating 
soaked and unsoaked CBR should be 
assessed against outside data, against 
Black’s (1962) and Haupt’s (1980) 
models, and at various densities or 
compactions.

QQ The relationships between OMC at vari-
ous compactive efforts reported in this 
paper should be assessed independently 
and extended to include cement- and 
lime-stabilised materials.

QQ As the ratio of maximum MAASHO 
CBR to maximum Proctor CBR report-
ed here is in reasonable agreement with 
that reported by Netterberg (1994), it 
is recommended that both methods 
be independently assessed and that a 
general method for predicting CBR at 

any percentage MAASHO compaction 
be developed.

QQ Savage’s (2006, 2012, 2013) “one-shot” 
methods deserve further evaluation.
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