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Abstract: Earth building is a sustainable, environmentally friendly and economical method
of construction that has been used worldwide for many centuries. For the past three
decades, earth has seen a revival as a building material for a modern construction method
due to its benefits in terms of low carbon content, low cost and energy involved during
construction, as well as the fact that it is a sustainable technology of building. Climate
change is influencing precipitation levels and patterns around the world, and as a
consequence, flood risk is increasing rapidly. When flooding occurs, earth buildings are
exposed to water by submersion, causing an increase in the degree of saturation of the earth
structures and therefore a decrease of the suction between particles. This study investigated
the effect of cycles of flooding (consecutive events of flooding followed by dry periods) on
earth walls. A series of characterization tests were carried out to obtain the physical and
mechanical properties of the studied earth material. In a second stage, Flooding Simulation
Tests (FST) were performed to explore the earth walls’ response to repeated flooding
events. The results obtained for the tested earth wall/samples with reinforced material
(straw) reveal hydraulic hysteresis when wall/samples are subject to cycles of wetting
and drying.
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1. Introduction

Earth is still the second most common building material worldwide after bamboo [1], with 40% of
the world’s population living in earth buildings [2]. In the UK, it is estimated that half a million earth
buildings currently exist [3,4]. Since the beginning of 1980s, earth as a building material has seen a
revival as a modern construction technique [1,5] due to its low carbon content, sustainable method,
low cost and energy involved during construction and inherent recyclability [5,6]. Not only these
aspects are driving the come-back of the earth building, but the fact that it is a reasonable and simple
building technique and it provides good temperature and moisture exchanges with outdoors. With this
growth of earth buildings, there is a need to understand the behavior of these structures under different
climate conditions. A serious enemy of earth construction is water, which can be in the form of
moisture ingress [1,7] (e.g., rising damp from the ground due to capillary effect) or by flooding of the
earth walls [8] (e.g., submerging the earth structures).

Recently, observed increases in precipitation levels in the UK are driving the need for investigation
of the effects of flooding on earth walls. Evidence for this is provided by the UK Climate Impacts
Program (UKCIP; www.ukcip.org.uk), which concluded that the decade of the 1990s was the wettest
in the UK since records began. Some areas received one month’s precipitation in just 24 hours.
Furthermore, the predictions by the UKCIPQ9 indicate that these trends will continue with heavy
precipitation becoming more frequent across the UK set to rise further. In addition, climate change is
acting as a driver for large increases in flood risk worldwide and in the UK (Figure 1).

Figure 1. Recent flooding occurring in the UK at (a) Catcliffe near Sheffield; (b) the
village of Boscastle; and (c) Yorkshire (www.bbc.co.uk).

These processes of extreme precipitation create cycles of wetting/drying (wetting during rain and
possible flooding, followed by drying after drainage) on the earth walls, which generate a change in
the earth walls structure (fabric and bonding), strength and stiffness. When flooding occurs, the earth
walls are exposed to water by submersion as well as by capillary forces, causing an increase of the
degree of saturation (amount of water filling the porous of the wall) of the earth structures and
therefore decreasing the suction between the particles. At low degrees of saturation (for example,
before flooding), the suction is higher and this helps the bonding between particles, increases cohesion,
strength and stiffness. When the degree of saturation increases (for example, during flooding), the
suction decreases and the structure suffers a drastic change in strength and this can happen together
with volumetric variations. After flooding, the earth structures that were exposed to water, start
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presenting evapotranspiration, decreasing again the degree of saturation of the earth material. Climate
change is causing a rise in frequency of flooding, so repeatable flooding (wetting of the earth walls)
will generate cycles of wetting/drying on the earth structures. As a consequence, all structures exposed
to such weather conditions can be affected by behavioral features due to these cycles of wetting/drying
and catastrophic failures can happen.

2. Preparation and Characterization of the Wall/Samples

An experimental program was planned and carried out to investigate the effect of flooding events
on the earth walls’ response on a reduced scale in the laboratory. The first stage was to characterize the
earth materials: see Table 1 and Figure 2 for the used material, particle size distribution and
preparation details.

Table 1. Particle size distribution and details of preparation (data from [9]).

Material Per(c;;)n;[)?/g\(lev;egthil)red Details of preparation
Coarse sand 19.7 Dried in oven at 105 °C for 24 h
Gravel 24.4 -
Fine sand 32.5 Dried in oven at 105 °C for 24 h
Clay 20.6 Dried in oven at 105 °C for 24 h
Straw 1.25 Cut into approximate length of 15-50 mm*
Water 1.55 -

* Depending on the aim of the test.

A series of tests were performed to investigate the moisture content at storage of the materials used
in situ before the mixture process for building. It was observed that these materials were not
completely dry and presented an average moisture content of 1.55%. For the experimental program of
this study, 1.55% of water content was adopted for the mixture to reproduce the field condition
when constructing.

The mixing of the materials was carefully done in the laboratory. Some characterization tests were
carried out, such as liquid and plastic limit, specific gravity, compaction and unconfined compression
tests. The authors took special care to reproduce—on a small scale—specimens that were
representative of the process of building in situ. At the same time; attention was taken to prepare
repeatable samples to allow the analysis and comparison of the obtained results.

All the wall samples were prepared without using any additives (e.g., starches, lignosulfates, or
gypsum) or any coatings (e.g., clay plaster, lime plaster, gypsum plaster, limewash or paint), because it
was aimed to study the most critical possible conditions without the benefits that an additive could add
to the mixture and without a coating material that will improve the durability of the external face of
the walls.

Table 2 presents some of the obtained results. This initial characterization was crucial to enable the
second stage of the project in which wall/samples were prepared and tested under flooding conditions.
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Figure 2. Detail of the material used to mold the wall/samples.

Table 2. Obtained results from characterization tests.

Plastic Limit 14.6%
Liquid Limit 22.5%
Plasticity Index 7.9%
Specific Gravity (without straw) 2.6
Specific Gravity (with straw) 2.5

A series of compaction tests were executed during this investigation to identify the optimum water
content and co-related maximum dry density for the different configurations studied (mixture without
straw, mixture with 15 mm of straw, mixture with 50 mm of straw). After the mixing process of the
materials described in Table 1, the mixture was placed in a steel mold and compacted with the
automatic compactor following the BS 1377 [10], using the 2.5 kg rammer method. From the results of
this test, it is possible to obtain the optimum moisture content (Wop), at which a maximum value of dry
density is obtained. At low values of moisture content, lower than wgy, most soils tend to be stiff and
are difficult to compact. As the water content (w) is increased, the soil becomes more workable,
facilitating compaction and resulting in higher densities. At high water contents, higher than wyt,
however, the dry density decreases with increasing proportion of the soil volume being occupied by
water. Comparing the optimum water content and the maximum dry density of all three configurations
of soil mixture, it was obtained:

+  Soil mixture without straw W = 7.35% and pq = 2.09 Mg/m=
«  Cob with Straw cut down to 15 mm Wgy = 9% and pg = 2.045 Mg/m=
«  Cob with Straw cut down to 50 mm wgy = 9.3% and pq = 2.02 Mg/m=

The obtained results show that the addition of straw affects, in terms of compaction, the amount of
water that should be added to the mixture to obtain a denser soil structure. This information should be
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considered when mixing the earth materials for construction in the field. Another important parameter
is the moisture content at storage of the materials used, which should always be verified before the
amount of water that will be used for construction is decided. The authors studied the effect of straw in
the building material mixture motivated by a historical building in Perthshire (Scotland), constructed
between 1745 and 1770 [10], which recently started suffering due to flooding events. Part of the
building had been flooded (with submergence of the base of the walls) five-times in recent years [11].
In response to these events, isolated repairs were undertaken to the damaged walls using pre-molded
and dried earth blocks (clay bat), using straw as reinforcement material [8].

To prepare the samples, the correct amounts of each material was placed in a mixer and blended
together as a dry mix until homogeneous. After, water was added in stages. The water was then mixed
with the other materials until a homogeneous mixture was obtained. At this stage, the sample was
ready to be molded. The molds were hollow cylinders (as shown in Figure 3(a)), that were halved so
that the sample could be removed after the blows and were clamped together with Jubilee clips. These
molds had marks of 50 mm on the height of the section. These were to mark where the soil layers
should reach after each set of blows (see Figure 3(a)). The first layer of the mold was estimated to be
filled after ramming. The mixture of the first layer was weighed and the same amount of soil was used
in each layer. Each layer received the same number of blows with a manual rammer; this procedure
was done by hand, as in cob construction walls and in the pre-molded blocks in Pethshire (Scotland).
The authors noticed that the obtained density was dependent on the operator, as is observed in the field.
A variation in the obtained density can be observed from operator to operator and should be taken into
account when designing an earth structure.

Figure 3. (a) Diagram of cylindrical mold. (b) Molded wall/sample (adapted from [9]).
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The unconfined compression tests were performed to investigate the behavior of the wall/samples
under simple compression; a similar situation would be observed in the field when a vertical load is
applied on the top of an earth wall (see Figure 4 for the layout of the test).
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Figure 4. (a) Detail of the wall/sample before starting the test. (b) Layout of the
wall/sample during testing. (c) Example of a sample presenting failure.
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Figure 5 shows the curves obtained from carrying out unconfined compression tests for four
samples prepared at different densities (40, 60 and 80 blow per layers), with an initial water content of
approximately 7.8%.

Figure 5. Unconfined compression test results obtained for wall/samples prepared with 40,
60 or 80 blows per layer.
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It is evident that the higher the number of blows per layer, i.e., the higher the density of the
wall/sample, the higher the gain in simple compression strength. When the range of the number of
blows per layer between 40 and 80 was used, the capability of the wall/samples to sustain simple
compression was increased: it was 78% between 40 to 80 blows, 50% between 40 and 60 blows
and 19% between 60 and 80 blows.

This trend in behavior is important to demonstrate the relevance of the number of blows per layer
that should be used in the field. Figure 6 shows the relationship between the peak strength and the
compaction rate (number of blows).

The results obtained for the maximum unconfined compression strength were smaller than those
usually observed on dry rammed earth and cob due to the fact that the wall/samples were tested with a
moisture content of around 7.8% as well as due to the small scale of the specimens. The authors
decided to test the samples with the water content of the molding process because this is the most
critical situation and the site that motivated the study (in Perthshire, Scotland), presented a high level
of relative humidity.

Figure 6. Relationship between the peak strength and compaction rate of the wall/samples.
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3. Experimental Section: Flooding Simulation Test (FST)

Significant differences in the soil specific volume are observed during wetting and drying of
soils [13-18]. Cycles of drying and wetting generate progressive shrinkage in clays and result in a
change in fabric during drying, which weakens bonding and, as a consequence, degrades the soil
structure [19]. Moreover, cycles of wetting and drying can exhibit hydraulic hysteresis [13,16],
implying that two samples of the same soil subjected to the same value of suction (s, the difference
between pore air pressure and pore water pressure) can be at significantly different values of degree of
saturation (Sr) if one is on a drying path and the other is on a wetting path. Figure 7 presents a soil
water retention curve (SWRC) of a soil illustrating hydraulic hysteresis [16]. Another important
feature observed during cycles of wetting/drying is the occurrence of irreversible volume changes in
the soil (e.g., collapse phenomenon) [13,14].
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Figure 7. Hydraulic hysteresis in water retention curve of a soil (adapted from [16]):

suction (s, difference between pore air pressure and pore water pressure) versus degree of
saturation (Sr).
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A triaxial apparatus was modified at the Soils Laboratory (Heriot-Watt University) to investigate
the behavior of the wall/samples under cycles of flooding followed by drying periods, all monitored
during long periods of time, around 360 hours. Figure 8 shows the layout of the apparatus. The authors
called the proposed test a Flooding Simulation Test (FST). All samples were prepared in small scale
(100 mm diameter < 200 mm height) in layers, as the wall/samples molded for the unconfined
compression tests following the same procedure as used in the field (procedure used during the repairs
in Perthshire, Scotland). The moisture content at preparation was controlled and measured, the number
of blows per layer was also controlled and the density of the wall/samples was calculated using the
specific gravity obtained at the first stage of the experimental program together with the dimensions
and weight of the specimens.

A series of FSTs were carried out for the wall/samples prepared with 60 blows per layer with and
without straw as reinforcement material. The wall/samples were exposed to flooding (see Figure 8) for
a controlled time of 24, 60 and 120 hours, followed by a drained environment (without submersion in
water) also for a controlled time of 72, 60 and 12 hours.

With the aim to investigate the influence of the straw as reinforcement material, one test was carried
out with a wall/sample prepared without straw (un-reinforced specimen). The wall/sample was molded
with 60 blows per layer, following the same procedures as previously described, and a FST was carried
out (Figure 9).

The tested wall/sample prepared without straw (un-reinforced specimen) collapsed after six days
under flooding conditions. There was no change in vertical displacement; however, the external walls
of the sample that was under the water failed until a very small diameter of the soil was left. At this
point, the weight of the top non-flooded soil was too much for such a small diameter to cope with and
failure occurred. The stages of the failure can be observed in Figure 9. The process of failure forming
in the flooded part of the wall/sample is evident, and the non-flooded part of the wall/sample can be
seen to remain intact until a few moments before total collapse of the structure.
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Figure 8. Set up of the flooding simulation test configuration: (a) photograph;
(b) diagram (adapted from [8]).
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Figure 9. Wall/sample prepared without straw. (a) No vertical displacement observed but
evident failure; (b) More evidence of failure under the water; (c) Total collapse of the
wall/sample.
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A second wall/sample was molded with 60 blows per layer with straw reinforcing. The FST was
executed following cycles of wetting (wall/sample flooded to half of its height) and drying (the water
around the wall/sample was drained), as shown in Figure 10. The test duration was 14 days with three
cycles of wetting and drying the wall/sample.

Comparing the response after flooding of the wall/sample prepared without straw and the
wall/sample prepared with straw (both with 60 blows per layer), it is evident that the straw as
reinforcement of the structure has a vital role in the hydro-mechanical behavior of earth structures. It is
well known that the fibers (in this case, straw) are added to earth materials mostly to reduce shrinkage
and improve tensile strength [20], but this research shows that the straw reinforcement introduces
another important benefit to the earth structure. In our research, the fiber (straw) modified the fabric,
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creating an inter-locking effect that changes the overall behavior of the earth structure when it is
exposed to cycles of wetting/drying.

Figure 10. Flooding Simulation Test (FST) results after three cycles of wetting/drying of a
wall/sample prepared with 60 blows per layer and straw reinforcing.
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From Figure 10, it is also clear that with the flooding events, the wall/sample presented an increase
in volume, followed by a decrease in volume when the water was drained. Keeping in mind that just
half of the wall/sample was submerged in water, the first flooding event caused an increase of the
vertical height equivalent to 3% of the exposed height under water. The authors believe that this
behavior happened because the wall/sample was not loaded (no vertical load was applied to the top of
the sample), since it is show in the literature for non-existent or low vertical stresses that the earth/soil
can present expansible behavior when wetted [13,17,18,21]. If a load would be introduced to the top of
the wall, the authors believe that the wall/sample could present collapsible behavior (sudden reduction
of volume by rearrangement of the particles) [14,15,21]. When the water was drained, the
wall/samples presented shrinkage; a volumetric reduction due to drying is a typical behavior of
materials containing clay [15,16,21]. The wall/sample presented a hydraulic hysteresis [16] due to
cycles of wetting/drying (repeated flooding events follow by dry events).

Another problem caused by wetting the earth wall/samples (reinforced by straw) was the growth of
rot, as was observed during one of the FSTs after four days under flooding conditions. This shows that
the introduction of water generates an environment susceptible to changes in the straw state, see
Figure 11(a).

After the second flooding, the formation of fungi at the surface of the wall/sample was observed, as
shown in Figure 11(b); demonstrating that microorganisms can grow inside the sample when under
flooding conditions (sample wetted). The wall/sample when wetted generated an environment in which
microorganisms easily reproduce.
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Figure 11. (a) Detail of rot growing from the sample after four days under flooding.
(b) Detail of the formation of fungi at the surface of the sample.

4. Conclusions

The following conclusions can be drawn from the study:

1.

The addition of straw to the soil mixture changes the response of the earth material to the
compaction effort. However, changes in the length of the straw (15-50 mm) as reinforcement do
not produce significant variations in the density of the mixture. It is interesting to highlight that
the process of building the earth walls causes a cut down in size of the straw length.
Furthermore, the addition of straw increases the optimum water content of the mixture.

The unconfined compression tests carried out showed a significant increase in the peak of the
simple compression strength when the compaction rate was increased from 40 to 80 blows per
layer, but not such an increase when the rate was increased to between 60 to 80 blows per layer.

The flooding simulation tests in wall/sample without straw (un-reinforced) presented failure of
the structure after six days of flooding, different to the response observed for the wall/sample
with straw. The straw works as a reinforcement of the structure.

The wall/sample reinforced with straw showed hydraulic hysteresis when subjected to cycles of
wetting/drying (repeated flooding events followed by dry periods). The material demonstrated
expansible behavior when wetted followed by shrinkage when dried. The authors believe that
the walls could respond differently to flooding if under vertical stress (vertical load on the top of
the wall). The authors would like to highlight this behavioral feature has major importance to
predict the hydro-mechanical response and long-term life of such structures.

Under flooding conditions, the wall/sample reinforced with straw showed formation of fungi at
the surface and some rot growth from the sample was also observed. When wetted, the earth
structures produce an environment where microorganisms easily can reproduce.

This work has shown that the structural integrity of earth materials has a certain capacity to
resist failure during flooding conditions when a reinforcement material such as straw is used. It
must be emphasized that this is influenced by many parameters, including: mixture composition,
compaction rates and the nature of the reinforcement utilized.

Future work will be undertaken to investigate the effects of flooding on earth walls under vertical
load as well as studying different compaction rates, suction profiles and building procedures.
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