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Abstract

The paper outlines results of a comprehensive
investigation undertaken to assess the influence of
soil characteristics and cement content on the
physical properties of stabilised soil blocks. The
dry density, compressive and flexural strength,
durability and drying shrinkage of over 1500 block
tests are outlined in the paper. Experimental
results are compared with current specifications
and used to develop empirical guidelines for
cement content requirements for a range of soil
plasticity characteristics. An empirical relationship
between compressive and flexural strength is pro-
posed as a simple means of field assessment.

Keywords: Clay content, compressive strength,
dry density, durability, modulus of rupture,
ordinary portland cement, plasticity index,
shrinkage, stabilised soil blocks.

INTRODUCTION

Most soils in their natural condition lack the
strength, dimensional stability and durability
required for building construction. These inher-
ent deficiencies may be overcome through a
process of stabilisation by mechanical compac-
tion and addition to the soil matrix of chemical
binders, such as cement or lime, or waterproof-
ing agents, such as bitumen. In comparison with
most conventional building materials cement
stabilised soil blocks offer a number of advan-
tages for low cost residential construction. They

*Formerly: Department of Civil Engineering, University
of Zimbabwe, Harare, Zimbabwe.
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maximise utilisation of local materials, require
simple construction methods and offer high
thermal and acoustic insulation. Typically
cement stabilised soil blocks require less than
10% of the input energy used to manufacture
similar fired clay and concrete masonry units."

Despite these advantages the use of stabilised
soil blocks is often restricted. The lack of stand-
ard performance criteria and adequate
guidelines for both manufacturers and builders
are major problems. Stabilised soil blocks are
typically excluded from national masonry design
codes. These deficiencies are reflected by the
general lack of published material on the phys-
ical properties of stabilised soil blocks.?

In response to such restrictions a two year
research program was undertaken at the Uni-
versity of Zimbabwe to study the physical
characteristics of cement stabilised soil blocks.
The results of this systematic investigation are
summarised in this paper. The influence of soil
properties and cement content on compressive
and flexural strength, durability and drying
shrinkage characteristics are discussed. Experi-
mental results are compared with current
specifications, and used to derive empirical
guidelines for cement content requirements for
a range of solil types.

MATERIALS

To assess the influence of constituent materials
on block properties a range of modified soils,
with a broad spectrum of plasticity character-
istics, were formed by mixing together a clay
soil and a river sand. The particle size distribu-
tions of these soils are summarised in Table 1.
The total loss on ignition of the clay soil and
river sand samples was 10-5% and 0-2% respec-
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tively. By using modified soils, as opposed to a
variety of natural soils, greater control over
extraneous factors such as organic content was
achieved.

The clay soil and river sand were dry mixed
(by volume) in varying proportions between
100% clay : 0% sand and 15% clay : 85% sand.
The full range of modified soils used and their
plasticity characteristics are outlined in Table 2.
Modification of the clay soil with sand provided
a full spectrum of soils suitable for stabilisation
with cement. In addition to the modified soils,
blocks were also produced using three natural
soils (denoted soil B, E and M). These addi-
tional tests were undertaken to check the
general applicability of the modified soil test
results. Ordinary portland cement was used
throughout for chemical stabilisation. For each
modified soil mixture cement was added in pro-
portions of 1: 10, 1: 15 and 1: 20 (cement : soil
by dry volume), covering the full range typically
used for cement soil blocks. At greater than
10% cement content stabilisation generally
becomes uneconomical. Blocks containing less
than 5% cement are often too friable for easy
handling.

Table 1. Soil grading
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MANUFACTURE OF TEST BLOCKS

Initially the modified soils were formed by com-
bining the clay soil and river sand, and only
after thorough mixing was the cement added.
Once the dry ingredients were thoroughly mixed
water was gradually added until the optimum
moisture content was attained. For each
soil:cement mix a total of 35-40 blocks were
produced. The total production time from ini-
tial materials mixing to pressing of the final
block was typically 45 minutes.

A manually operated constant volume block
press was used throughout (Fig. 1). The study
was limited to manual block presses, as these
are most widely used. Under normal operation
the single acting ram develops compaction pres-
sures in the range 2-4 MN/m’ In the
investigation maintenance of consistent compac-
tive effort was achieved between different soil :
cement mixes by careful operation of an experi-
enced press operator. Once the required
compactive effort had been achieved the
amount of material fed into the mould was vol-
ume batched. The press used produced blocks
with nominal dimensions, in their as pressed

Soil type Fine gravel Sand Silt Clay
(2-6 mm) (0-06-2 mm) (0-002-0-06 mm) (<0002 mm)
Clay soil 6% 31% 13% 50%
River sand 20% 76% 3% 1%
13% 40% 27% 20%
Soil B
Soil E 7% 80% 12% 1%
Soil M 3% 21% 53% 23%
Table 2. Soil properties
Clay soil River sand Liquid Plasticity Linear
content content limit index shrinkage
(Vol %) (Vol %)
100 0 60 35 17%
80 20 56 32 13%
70 30 50 29 13%
60 40 46 26 12%
50 50 45 23 9%
40 60 35 20 4%
35 65 33 18 4%
30 70 31 16 3%
25 75 28 14 3%
20 80 24 10 3%
15 85 22 Non-plastic 2%
51 27 12%
Soil B
Soil E Non-plastic 1%
Soit M 29 15 6%




Cement stabilised soil blocks 303

aspect, of 295 mm (length) x 140 mm (width) x
130 mm (height).

After compaction the fresh blocks were extru-
ded from the press and stored for curing.
Primary curing of the blocks was undertaken for
the first seven days after pressing, during which
the blocks were placed onto precast concrete
plinths and moisture cured under polythene.
After seven days the blocks were stacked and
curing completed under polythene sheeting. All
blocks were tested 28 days after pressing.

TESTS

All block testing was undertaken in accordance
with standard methods.>*® The blocks used in
any test were randomly selected from the con-
signment of units produced from each soil:
cement mix. During preparation for each test
dry densities were routinely determined, using

Fig. 1. Block press.

the averaged external dimensions and net oven
dried mass of each block.

Both saturated and dry uniaxial unconfined
block compressive strengths were determined.
Saturated specimens were immersed in water
for 24 hours prior to testing. The dried samples
were placed in an oven set at 105 °C for 48
hours, after which they were air cooled for
approximately 3 hours prior to testing. All
blocks were tested in compression uncapped
between two 3 mm thick sheets of plywood, in
their normal, as pressed, bed face aspect. Using
a 2500 kN capacity Avery testing machine, load
was applied continuously at a steady rate of 35
N/mm?min up to failure. The compressive
strength of each block was determined from its
failure load and averaged bed face area.

Laboratory testing is expensive and often
inappropriate for low cost housing schemes. A
series of flexural strength tests was therefore
undertaken to assess the feasibility of using
block modulus of rupture as an indirect means
of estimating compressive strength. A total of
five blocks from each mix consignment were
tested for modulus of rupture. All blocks were
tested saturated, in their as pressed aspect,
under central point loading and simply suppor-
ted over a span of 200 mm. Loading was
applied continuously at a rate of 2 kN/min up to
failure using a screw jack and recorded with a
10 kN proving ring. Modulus of rupture was
determined from the failure load and averaged
central cross-section dimensions.

The average drying shrinkage of three blocks
from each mix was determined in accordance
with BS 6073.> Shrinkage movements were
assessed using a 200 mm demec gauge, with
studs placed along the longitudinal faces of
each block. Imitially the blocks were prepared
by immersion, for 96 hours, in a water tank set
at 23 °C. After removal from the water initial
demec readings were taken. Each block was
then placed in a ventilated oven set at 50 °C.
The demec gauges were periodically recorded,
for approximately 14 days, until constant read-
ings were attained. Drying shrinkage was
determined by subtracting the final dry from the
initial saturated demec strain gauge readings.

Determination of the resistance to water ero-
sion was undertaken using the wire brush test
specified in ASTM standard D559-89.° This test
was restricted to one block from each consign-
ment. Initially the block was immersed in water
at 23 °C for 6 hours, after which it was removed
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and placed in a ventilated oven, set at 70 °C, for
42 hours. After drying the block was abraded
twice using the specified wire scratch brush. The
exerted brush pressure was maintained at 1-5 kg
using a set of scales. Two full strokes of the
brush were exerted on all surfaces. Immersion,
drying and abrasion constitutes one test cycle.
After brushing the blocks were re-immersed in
water for 6 hours to commence the next cycle.
After a total of twelve cycles the dry mass of
each block was recorded, and the reduction in
mass due to the accelerated weathering deter-
mined. Weathering resistance is considered
acceptable if the total mass loss does not exceed
10%. Comparisons with field performance show
the test to be severe, and thus a generally con-
servative indicator of weathering resistance.?

EXPERIMENTAL RESULTS AND
DISCUSSION

Dry density

Block dry density is largely a function of the
constituent material’s characteristics, moisture
content at pressing and the degree of compac-
tive effort applied. Average densities for each
mix are given in Table 3. As expected, dry den-
sities were closely related to the clay soil
content, generally decreasing with increasing
clay content, and relatively independent of
cement content.

A series of tests was undertaken to check the
consistency of compactive effort applied during
production. Consistency in compactive effort is
clearly important for a meaningful comparison
of material performance. Samples of each
soil: cement mixture were compacted in the lab-
oratory using an Avery actuator and a mild steel
mould having the same dimensions as the man-
ual press. The moisture content of the
soil:cement mixture, applied loading rate and
drainage corresponded to those used in produc-
tion. Tests indicated that the compactive effort
for all blocks produced varied between 2:0-3-5
MN/m?, with an average for the majority of
consignments of 2-5 MN/m>.

Saturated compressive strength

The failure mode in uniaxial compression for all
soil blocks tested is shown in Fig. 2. Block com-
pressive strength was, as expected, a function of
both cement and clay content (Table 3). Aver-
age saturated compressive strength decreased

with a reduction in cement content and increas-
ing plasticity index (Fig. 3). Reduction in
compressive strength due to increasing clay con-
tent was most pronounced for soil plasticities
between 15-25. Compressive strength was rela-
tively unaffected by clay content for plasticity
indices below 15. These experimental data are
in general agreement with previously reported
trends.>

Compressive  strength  reduction  with
increased clay content is primarily attributed to
the weakening effect of the clay minerals on
bonding between the cement paste and sand/
fine gravel matrix. Although cement does react
with and tend to stabilise clay minerals, the
strength of this colloidal/cement structure is sig-
nificantly weaker than the granular/cement
matrix. As clay content increases and so the
sand and fine gravel content decreases, block
strengths are reduced. The effectiveness of
cement, or indeed any stabiliser, is also
impaired by the presence of aggregations of
cohesive soil formed during mixing. Although
after testing pockets of unstabilised soil were
not observed, it is likely that small amounts
were present, especially in the higher clay con-
tent mixes. ‘

A typical relationship between unit saturated
compressive strength and dry density is presen-
ted in Fig. 4. Within the relatively limited range
of densities recorded the expected correlation
between compressive strength and block den
sity is well defined, and similar to that recorded
elsewhere.” It is clear that in order to optimise
the properties of any given soil:cement mix
the available compactive effort should be fully
utilised in production. Heathcote has proposed
using the correlation between dry density and
compressive resistance as a means of estimating
strength.® However, given the inherent variabil-
ity of the material any relationship is likely to
be approximate at best and certainly no sub-
stitute for physical testing.

Recommended and specified values for the
minimum acceptable average saturated com-
pressive strength of cement stabilised blocks
vary between 1:0-2-0 N/mm? 27%° Whilst, a
large number of the blocks tested demonstrated
adequate strength in accordance with these
publications, the coefficients of variation recor-
ded were typically greater than the 20%
deemed acceptable for concrete units.> Thus, in
addition to average values the 95% character-
istic values for compressive strength have also
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been determined; calculated in accordance with
BS 5628 Part 2."°

The relationship between characteristic com-
pressive strength, soil properties and cement

Fig. 2.

Average saturated compressive strength (N/mm2)

Plasticity index

Fig. 3. Variation of average saturated compressive
strength with plasticity index.

Unit compressive strength (N/mm?2)

1800 1820 1840 1860 1880 1800 1920 1840

Dry density (kg/m3)

Fig. 4. Typical relationship between unit compressive
strength and dry density (Mix: 10% OPC, PI=18).

content is similar to that obtained using average
values. The influence of constituent materials is,
however, more clearly defined (Fig. 5) and the
decrease in compressive strength due to plastic-
ity index more gradual. Additional block tests,
using soils B, E and M, show reasonable agree-
ment with the general trend of the modified soil
test results; the agreement is generally
improved using the characteristic results. To
date the general trend has been to use average
values when specifying minimum performance
requirements of stabilised soil blocks. However,
characteristic values are more appropriate, as
they take into account inherent variability in
quality control of both the manufacturing proc-
ess and, more importantly, the materials used.

Dry compressive strength

Compression testing is generally undertaken in
the saturated condition, as this yields least
strength, and for this reason the strength of soil
blocks is most often specified using saturated
performance. Reduction in  compressive
strength with saturation can be attributed to
the development of pore water pressures and
the liquefaction of unstabilised clay minerals in
the block matrix. In contrast to most proposals,
the current Australian recommendation speci-
fies the minimum compressive strength (2
N/mm?) in terms of both dry and characteristic
performance. "'

Results for dry compressive strength testing
are given in Table 3. For all cases considered
the dry compressive strength obtained was
greater than the corresponding saturated value.
The ratio between average dry and saturated

—— 10% OPC
35 { == e7horC

|- - - 5% OPC

X Add tests (10% OPC)
H X Add.tests (5% OPC)

25

0.5

Characteristic saturated compressive strength (N/mm2)
"

Plasticity index

Fig. 5. Variation of characteristic saturated compressive
strength with plasticity index.
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compressive strengths varied between 1-3 and
7-7, and, as expected, was largely dependent on
clay content. Although cement content still had
a significant influence on dry compressive
strength, the detrimental effects of clay were
less obvious (Fig. 6). Clays have an inherent
uniaxial dry compressive strength which is lost
with saturation. To avoid these apparent ambi-
guities in  material performance, the
compressive strength of stabilised soil blocks
should be uniformly obtained under saturated
conditions.

Modulus of rupture

Under central point loading all blocks failed in
flexure with development of a tensile crack in
the middle third span. Central point loading
may therefore overestimate flexural strength, as
modulus of rupture was evaluated using the
value for peak bending moment at failure.
Block flexural strength was closely correlated
with cement and clay content, and as expected
values for modulus of rupture exhibited similar
trends to compressive strength behaviour (Table
3). For example, at 10% cement content the
average flexural strength decreased from 0-64
N/mm? to 0-31 N/mm?® as the plasticity index
increased from 10 to 29. This corresponds to a
52% decrease in flexural strength, compared to
a 60% decrease in compressive strength over
the same range.

The correlation between the characteristic
values for saturated modulus of rupture and
saturated compressive strength is presented in
Fig. 7. Experimental results are compared with

gth (N/mm?2)

—+—10%0PC L
2 — 8- 67%OPC
- --5%OPC

age dry

o 5 10 15 20 % 0 35

Plasticity index

Fig. 6. Variation of average dry compressive strength
with plasticity index.

a proposed specification that modulus of rup-
ture shall equal at least one-sixth of the
corresponding compressive strength.” Despite a
relatively large scatter in the data most of the
results fall below the one-sixth relationship; all
blocks violating this relationship have inade-
quate saturated compressive strength (Table 3).
The relationship would seem to represent an
upper bound performance limit, rather than a
lower bound as implied by the proposal.

On the basis of the experimental data the
one-sixth relationship provides a relatively sim-
ple means, by flexural testing, for indirect
assessment of block compressive strength. Flex-
ural testing should prove a useful and reliable
indicator of material performance, particularly
if undertaken together with other measure-
ments suited to field analysis, such as density
and durability assessment. It is not, however, a
substitute for direct compressive strength test-
ing, as the relationship may prove unnecessarily
conservative.

Drying shrinkage

The results for average block shrinkage are
given in Table 3 and Fig. 8. Drying shrinkage of
the blocks was primarily governed by the plas-
ticity index of the constituent soil, and to a
lesser extent by cement content. For soil plastic-
ity index below 20 there was a steady increase
in drying shrinkage with increasing clay content.
Once the plasticity index exceeded 20, drying
shrinkage increased rapidly as the clay content
also increased. As expected, drying shrinkage at
low plasticity also noticeably increased with

.
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Characteristic compressive strength (N/mm2)

Fig. 7. Relationship between compressive strength and
modulus of rupture.
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cement content. Adopting 0-10 % as a limiting
value for the drying shrinkage of cement soil
blocks, based on similar requirements for con-
crete units, >* the suitability of a mixture is
governed primarily by the soil properties rather
than cement content. On the basis of these data
drying shrinkage requirements are satisfied by
using soils with plasticity index less than 20.

Durability

Resistance to weathering tests were undertaken
on one block randomly sampled from each mix
consignment (Table 3). As with strength charac-
teristics durability was improved by increased
cement content and reduced clay content.
Cement acted to bond the soil particles
together, improving durability, whereas the clay

06

Drying shrinkage (%)

. Y’ ok
0 5 10 s 20 25 30 3B

Plasticity index

Fig. 8. Relationship between drying shrinkage and plas-
ticity index.

‘Wire brush test (% dry mass)
~

Plasticity index

Fig. 9. Relationship between durability and plasticity
index.

minerals disrupted this action. The occurrence
of unstabilised material was likely to be partic-
ularly detrimental to the durability of the
blocks.

In accordance with the ASTM test” durability
was generally satisfied by the 10% and 6-7%
cement content mixes, except for those with
very high clay contents, (Fig. 9). The observed
variation in experimental performance can be
attributed to the conditions of the block sur-
faces prior to testing; blocks previously
damaged in some way will generally exhibit
higher losses in the abrasive test cycle. For the
range of cement contents used, adequate dura-
bility performance is generally assured for soils
having plasticity index below 15-20. Higher clay
contents require increased cement stabilisation,
and 10% cement is likely to prove adequate for
soils with a plasticity index up to 25. Since the
ASTM test is considered severe in comparison
with actual field performance,’ the suitability of
a soil for cement stabilisation is, therefore, most
likely to be determined by considerations of
strength and shrinkage, rather than durability.

SUMMARY AND CONCLUSIONS

The experimental data presented in this paper
gives an important insight into the relationships
between cement content, soil properties and the
physical characteristics of stabilised soil blocks.
Although these data are necessarily limited in
their coverage of soil constituents and compac-
tion pressures, they provide the basis for
developing cement content guidelines for block
manufacturers and assist in the development of
standard criteria.

Both saturated strength and durability of
cement stabilised soil blocks are improved by
increased cement content and impaired by clay
content. The most ideal soils for cement soil
block production have a plasticity index
between 5 and 15. Soils with a plasticity index
above 20-25 are not suited to cement stabilisa-
tion using manual presses, due to problems with
excessive drying shrinkage, inadequate durabil-
ity and low compressive strength.

On the basis of the experimental results
cement content requirements, in the range
5-10%, to meet saturated characteristic com-
pressive strengths of 10, 2:0 and 3-0 N/mm?,
using a manual press, are outlined below. Due
to the inherent variability of soils these recom-
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mendations can only provide basic guidelines
for cement requirements. It is unlikely that con-
stitutive relationships for stabilised soil blocks
will ever be as well defined as those, for exam-
ple, of concrete and mortar.

Plasticity Index Recommended cement content
(% Vol.)
1 N/mm? 2 N/mm? 3 N/mm?

<15 5% 7% 10%
15-20 5% 10% Unsuitable
20-25 6-5% Unsuitable
25-30 83%
30-35 10%

>35 Unsuitable

Strength testing of soil cement specimens
should be undertaken in a saturated condition,
as the inherent strength of dry clay content may
provide a misleading impression of compressive
resistance. Due to the inherent variability of the
main constituent material strength values
should be specified in terms of 95% character-
istic rather than average values. Although the
test can prove conservative, adopting a one-
sixth relationship between modulus of rupture
and compressive strength provides the basis for
rapid and inexpensive field assessment.

Although limited, much of the work under-
taken on stabilised soil blocks to date has
concentrated on the properties of the individual
units. Further work is required to consider the
suitability of mortars for construction and the
properties of stabilised block masonry under
compressive and lateral loading.
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