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Introduction

As part ofthe documentation ofthe firnerary enclosure of king Khasekhemwy at Abydos,
the Shunet el-Zebib, by the EAP-funded sup-project "Documentation and Conservation of
Pharaoh Khasekhemwy's Funerary Monument at Abydos," brick and mortar samples from
the monument were analyzed at the New Mexico Institute of Mining and Technology
('New Mexico Tech") in Socono, New Mexico.

The Samples

The twelve samples tested at New Mexico Tech consisted of three whole bricks from the
Shunet el-Zebib, along with broken pieces ofother bricks, three new test bricks, three
samples of ancient mortar, along with samples of the soil and sand available locally at
Abydos for use in the manufacture ofnew mudbricks and mortar. One additional brick
sample, originally to be included in the material delivered to New Mexico Tech, was not
laken, due to space and weight limitations in the shipping container. The non-inclusion of
this sample (ABD 7), according to Mudbrick Specialist Anthony Crosby, did not affect the
quality and utility ofthe results of the analyses.

Timeline

The samples were delivered to New Mexico Tech by Associate Sub-project Director
Matthew Adams, accompanied by Engineer Abdelhamid Qotb from the office of Supreme
Council of Antiquities Secretary General Dr. Zahi Hawass, in December, 2003. The
various analyses were conducted during the following months, and the Associate Sub-
project Director and Engineer Abdelhamid retumed to Socorro in September, 2004, to
refieve the remains of the samples for retum to Egypt, as per the conditions set by the
Supreme Council of Antiquities in the permission given for the samples to be exported for
analysis.
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There were significant delays in both the conduct ofthe analyses by the New Mexico Tech
labs and delivery of the results to the Sub-project. The completion of the analyses was
initially promised for February, 2004, but the majority ofthe tests were not completed until
September, 2004. After discussions in Socorro during the trip to retrieve the samples lor
retum to Egypt, in which the results were presented informally by Dr. Bruce Harrison, and
after consultation with Mudbrick Specialist Anthony Crosby, some follow-up tests were
deemed appropriate. Although progress on the additional testing and a final report on the
results ofall the tests were repeatedly promised during fall,2004, and winter,2005, the
follow-up tests were not actually conducted until summer, 2005. A report on all the tests
was finally received, albeit in very rough draft form, in October, 2005. Lack of certainty as

to when a "clean" version ofthe report might be forthcoming, and due to the necessity of
avoiding further delays in reporting the results ofthe analyses to EAP, the attached text was
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edited by the Sub-project Directors with the assistance of Mudbrick Specialist Anthony
Crosby.

Discussion

Although the report as received from New Mexico Tech was not as finished, padcularly as
regards interpretation ofthe significance ofthe test results, as it could have been,
nevertheless the fundamental results ofthe tests are now available to the Sub-project. In
particular, we now have hard data on the composition and physical properties ofthe ancient
bricks and mortar from the Shuneh, as well as some modem test bricks made by Anthony
Crosby, and constituent materials available locally at Abydos for the manufacture ofnew
mudbricks. The results ol engineering tests provide important information about the
performance ofboth ancient and new bricks under stress. Finally, the source of the
"vermiculation" that characterizes many ofthe ancient bricks from the Shuneh has been
identified as a fungus.

The composition and physical properties ofthe ancient bricks and mortar comprise a

significant part ofthe basic documentation ofthe monument of Khasekhemwy. They
provide a baseline against which to compare all new component materials used in the
conservation and stabilization work. The new bricks tested at New Mexico Tech represent
initial experimental mixes (two bricks with a 2:l sand:soil mixture [samples ABD 4 and 5]
and one with a higher than usual organic content, straw and bamyard waste [ABD 6]). The
mix has been refined since the test bricks were manufactured. Straw and barnyard waste
are not incorporated in the bricks used in the conservation interventions il the Shuneh. The
2: I sand:soil mixture is presently used, but the size of aggregate included in the sand has

been significantly reduced from what was present in the test bricks.

The significance of the engineering tests for the likely behavior olthe ancient masonry
when loaded by the new masonry installed during conservation and stabilization
interventions is discussed by Mudbrick Specialist Anthony Crosby below in Appendix l.

December,2005, page 3



ARCE Egyptian Antiquities Project
PHARAOH KHASEKHEMWY'S FUNERARY MONUMENT AT ABYDOS. 2OO4-05

Analysis of Mudbrick, Mortar and Soil
samples from Abydos , Egypt.

Dr. J.B.J. Harrison r, Dr. C. Amione-Martin2, Dr. T.
Keiff

I Earth and Environmental Science Dept
2. Mineral Engineering Dept

3. Biolory Dept

New Mexico Institute of Mining and Technology
Socorro, New Mexico
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PART I

1.1 EXECUTIVE SUMMARY

Preservation ofan ancient adobe structure at Abydos, Egypt, requires the manufacture of
new adobe bricks, which will be used to support and cover the existing adobe brick
structure. Desire for the new bricks to be similar in composition and strength to the old
bricks lead to samples ofnew, old and the materials used to construct the bricks being
transported to New Mexico Tech in the United States for analyses. The following analyses
were carried out on these samples: particle size, pH, soluble salts, calcium carbonate, loss
on ignition, clay mineral identification. Engineering tests including Afterburg limits and
Direct Shear were undertaken on the brick samples, and the microflora found in the old
bricks were identified.

The compositional differences occurring during the manufacturing processes do not seem

to lead to marked differences in the shength, except perhaps for the very high salt content
of sample ABD 8. One sample ABD 8 had significantly higher soluble salts and organic
matter than either the other two new brick samples or the old bricks. The old bricks are

weaker than the new bricks primarily because the organic material used in their
manufacture has been significantly destroyed by fungal attack. The removal ofthe organic
material leaves voids in the block, which reduce its density and strenglh. Controlling the
frrngus by chemical means does not seem practical.
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Differences were found in the composition between old mud bricks and between new mud
bricks reflecting variability during the manufacturing process. The recently manufactured
mud bricks are coarser than the new bricks, but otherwise are similar to each other in terms
of bulk density soluble salts and incorporated organic matter.
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Preservalion ofan archaeological monument constructed of adobe (mud) bricks at Abydos
in Egypt requires the manufacture ofnew bricks to reinforce existing structures. The
strength of the new bricks and the old bricks was determined by measuring Direct Shear
characteristics and Atterburg Limits. One of the facton influencing the strength ofthe old
bricks was the destruction olorganic materials incorporated into the brick during
manufacture. Identification ofthe microorganisms involved in the destruction ofthe
organic matter would help determine if this attack could be controlled. Archeologists
would prefer the new bricks to be manufactured of the same materials as the original bricks
so that they have similar chemical and physical properties. Samples of original bricks,
newly constructed bricks, and the materials used in the manufacture ofthe new bricks were
brought to New Mexico Tech for analyses. The samples are listed below.

l) ABD 1 ancient mudbrick from Shunet el-Zebib

2) ABD 2 ancient mudbrick from Shunet el-Zebib

3) ABD 3 ancient mudbrick fiom Shunet el-Zebib

4) ABD 4 new mudbrick

5) ABD 5 new mudbrick

6) ABD 6 new mudbrick

7) ABD 8 ancient mortar from Shunet el-Zebib

8) ABD 9 ancient mortar from Shunet el-Zebib

9) ABD l0 ancient mortar from Shunet el-Zebib

l0) ABD I I pieces ofancient mudbrick from Shunet el-Zebib

l1) ABD l2 soil

12) ABD 13 sand

Note: The samples were labeled I -13 but there were only 12 samples, there was no
sample 7.

The goals of the analyses included physical and chemical characterization ofthe materials
and composition of old and new bricks, an estimate ofthe variability of the composition of
the old and new bricks, an engineering assessment of the strength of the new bricks, and

characterization ofthe biological fauna and flora that were found within the old bricks.

Soil chemical and physical analyses were carried out in the Soils Laboratory at New
Mexico Tech in the Earth and Environmental Science Dept, the engineering tests in the
Rock materials lab in the Mineral Engineering Dept and New Mexico Tech and the
biological analyses in the Biology Dept at New Mexico Tech. Most of the analyses were
carried out during 2004 with some follow up work completed in the summer of 2005.

December,2005, page 7
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PART 2

2.I PHYSICAL AND CHEMICAL PROPERTIES

The methodology used for the chemical and physical analysis is described in detail lbr
particle size, pH, loss on ignition, soluble salts, bulk density, calcium carbonate content,
bulk density and clay mineralogy. Following the description of each method used is a
detailed account of the results ofthe specific tests.

Particle size is a measurement of texture, the amount of sand-, silt-, and clay-sized particles,
in a sample. The amount of sand, silt, and clay in a brick has a strong influence on the
physical, chemical and structural properties of the brick. The bricks were probably made
using local sources of sand and clays; the particle size analysis will indicate the proportions
of sand and river sediments used in the manufacture of the bricks.

Original brick samples ABD l, 2, 3 and l0 show a range of textures from silt loams to a
loam. (Fig l) This means that they consist of about 10 %o clay ar,d between 30 to 60 % silt
and 30 to 60 % sand. The new bricks, which were manufactured with a range oftextures,
.ue coarser, with two samples with a sandy loam texture and one as a silt loam. The mo(ar
samples have a very similar range in textures to the new bricks. A comparison of the
textures in the old and new bricks and the mortar samples is easier seen in the temary plot
in Fig 2. There are two soil samples; one, AIID I l, is a loam, probably over bank deposits
from flooding of the Nile River, and the other is almost pure sand. The sand is most likely
of aeolian origin.
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2.1.1 Particle size

The pipette method was used to determine the sand silt and clay fractions of the samples
(Day, 1965; Jackson, 1969). The basis ofthis method is that the particles will settle out
according to Stokes Law, and that after a set period of time has passed all the silt will have
settled and a representative sample of the clay fraction can be obtained. The samples were
pre-treated to remove soluble salts as they cause rapid flocculation (coalescing) of the clay
particles and erroneous results. The samples were washed with distilled water until the
salts were removed. After drying and weighing, the samples were dispersed in a sodium
pyrophosphate solution, shaken, then wet sieved to remove the sand fiaction. The silt and
clays accumulated in a settling cylinder and were allowed to stand for 7 hours and 35
minutes. At this time a 25 ml aliquot was removed at a depth of l0 cm. This aliquot was
placed in a tray and dried and weighed. From this the clay weight of the sample was
determined. The sand and the clay weight were subtracted from the total sample weight to
obtain the silt fraction of the samples.
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2.1.2 PH

PH is a measure of the acidity of the sample. In arid landscapes most samples are alkaline
(i.e. have a pH > 7) due to the high concentrations ofsoluble salts that are in the sediments
and water in such environments and the lack ofrainfall to leach lhem from local sediments.
PH was determined on a 1:5 soil: water mixture, read on an Acumet model 630 pH meter.

The pH of the samples ranges from 6.8 to 8 and are characteristic of sediments forming in
an arid environment.

Figure 3: pH range ofsamples

2.1.3 Loss on Ignition

This is an inexpensive method for determining the amount of organic material in the
sample. Adobe bricks usually contain some organic material such as straw. which acts as a
binding agent and contributes to the strength ofa brick.

Ten grams of oven-dried sample were placed in a combustion dish and then placed in a
fumace for 2 hours at 450 degrees C. After cooling, the weight loss was converted to
organic matter content.

As with other analyses there are a wide range of LOI values amongst the different samples.
The ancient bricks range from 'l .9 to 3 %o and the new bricks 1.4 to 7 .2 %. The soil samples
both have low LOI values with the loam having a higher value than the sand. The highest
overall reading is a sample of mortar with l5 %.

December, 2005, page 10
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Figure 4: Loss on ignition (measure of organic matter content ofall samples)

2.1.4 CalciumCarbonate

Calcium carbonate salts are ubiquitous in arid and semi-arid environments. They are less

soluble in soils than other salts such as sodium chloride. Calcium carbonate tends to
promote aggegation ofparticles, and would increase the stability ofadobe blocks.
Calcium carbonate content was determined by the "Chittick" method (Dreimanis, 1962) in
which samples are ground to pass through an 80-mesh sieve. The material is then digested
in 6N hydrochloric acid and the evolved gas collected under monitored temperatue and
pressure conditions in a Chittick apparatus. Calcium carbonate content can then be
determined fiom the volume of gas.

Calcium carbonate content varies from 0.6 o% to almost 12 7o. The lowest value is for one
ofthe old brick samples, and the highest value is from ABD l3 the sand "soil" sample.

December, 2005, page 11
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Figure 5: Calcium Carbonate content ofall samples

2.1.5 Soluble Salts

In arid environments. soluble salts accumulate in soils and sediments, as there is
insufficient rainfall to leach them. The salts can be found in the river water, in the alluvial
clays and in the Aeolian sands that are all components of the mud brick samples. Salts can
also accumulate in the bricks after they have been manufactured as they are a component of
the local dust and are also found dissolved in rainwater. High values of salts, particularly
sodium salts, can result in dispersal of sediment particles enhancing the degradation of the
brick samples. The most common salts in this area will probably be gypsum (CaSO4) and
sodium chloride (NaCl). The soluble salt measurement includes both these two salts, but
we make a separate measurement of gypsum as well so we can determine the non-gypsum
content of the salts.

Soluble salt content was determined by measuring the electrical conductivity ofa soil water
solution (Kunze, 1965; Metson l96l). Pure water is a poor conductor of electricity. Water
containing dissolved salts conducts current in proportion to the amount of salts present. A
soil-water solution is shaken lor 30 minutes, and then filtered. The conductivity ofthe
extract is measured and this represents the total soluble salt content ofthe soil. An aliquot
ofthe extract is added to acetone, which precipitates the g)?sum that is insoluble in
acetone. This precipitate is removed fiom the solution and then redissolved in water and
the conductivity of this new solution measured. The conductivity of this solution represents
the soluble salt concentration ofthe soil. The conductivity was measured on an Acumet
model 630 conductivity meter.

I

December, 2005, page 12
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Figure 6: Soluble salts content ofall samples

Considerable variation exists in the salt content ofthe different samples. The range is from
496 to 3070 uS/cm. There is no consistent pattem in the soluble salt content of the old or
new bricks. The old bricks have values fiom 496 to 1240 uS/cm and the new bricks 842 to
3070 uS/cm. There is a strong contrast between the two "soil" samples with the loam
sarnple (ABD 12) having a very high soluble salt content and the sand sample (ABD 13)
having the lowest soluble salt content of all the samples.

2.1.6 Bulk Density

This is a measure of how tightly packed the soil particles are. The higher the density
usually the heavier the brick and the more slowly it will weather. Bulk density was
determined using the Paraffrn Clod method (Blake 1965). An oven-dry soil pad (natural
soil aggregate) is weighed, coated in paraffin, weighed again, and then its volume
displacement in water is measured. From this data the weight and volume of the pad is
calculated and the bulk density determined.

Bulk density analyses were determined for the old and new brick samples. Old brick
samples range fiom 1.24 to 1.5 g/cm3, and the new bricks from l.l8 to 1.64. g/cm3. This
is in comparison to an approximate density of 2.65 g/cm3 for the mineral rock. The values
for the old bricks are misleading. The procedure for bulk density determination involves
coating an intact sample of the brick with paraffin so the volume of the irregular shaped

clod can be determined. There was a sigrrificantly greater volume of voids in the old
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bricks. which represent areas where material particularly organic matter had been removed.
The void content ofthe old bricks varied significantly, representing the variation in the
original organic material content ofthe brick and the amount that had been consumed by
organisms were not sampled when selecting a clod for bulk density analysis. The large and
variable amount of pore space in the old brick samples makes it difficult to determine how
representative tle engineering skength tests are.

rs

00

06

a2

AACt ABC]

Figure 7: Bulk density ofnew and old brick samples.

2.1.7 Clay Mineralory

Samples were dispersed in water and an aliquot of the suspended sample placed on a glass
slide and allowed to air dry. The first run in the X-ray diffractomter (XRD) was carried
out. The slides were then placed in a glycol chamber for at least 24 hours to allow for
expansion ofexpandable clays and then run a second time on the XRD. The samples were
then placed in a furnace at 380 0C for 30 minutes. This causes some of the peaks to
collapse. The samples were then run on the XRD for a third time. Peak locations and
heights under different treatments were used to determine the content of different types of
clays.

The samples were nrn on a Rigaku D/NIAX II x-ray diffraction machine, with a fine, long
focus Cu x-ray tube operated at49 Kv and 25mA. The clay t1,pe was determined using Jade

software by MDI.
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The mineralogy of the old and new bricks is very similar suggesting that the clay material
in the bricks has a comnon source. The source of clays is probably the fine textured fluvial
deposits of the Nile River. The high kaolinite concentration indicates that the sediments are
relatively mature as would be expected with sediments that have been transported along the
Nile Valley. The mixed layer clays and smectites are secondary clay minerals formed by
weathering. They indicate that the fine sediments in the Nile River deposits consist of
previously weathered sediments. Smectites and mixed interlayer clays have a significant
shrink swell capacity meaning that they undergo expansion and contraction upon wetting
and drying.

The analyses are semi-quantitative. The method identifies the major clay mineral groups to
parts in 10.

Sample # Illite Kaolinite Smcctite Mixed-Layered Clays

ABD.I
ABD-2
ABD-3
ABD-4
ABD-5
ABD-6

J
2
2
4
3

4

J

J

4
2
J
2

4
5

4
4
4
4

- = not detected

Sample ABD-4 appearc to have some crystalline organic matter in the sample. The peaks

disappear after the clay slide has been in the glycol chamber.

2.2 ENGINEERING TESTS

2.2.1 Introduction

Lab tests were initially conducted on three new adobe bricks from the Abydos project in
Egypt. Additional lab direct shear tests were conducted on fragments ofthree "old" adobe
bricks from the Shunet el Zabib. Direct shear and Atterberg limits tests (liquid and plastic
limits) were conducted on specimens prepared from each brick. Liquid limit and plastic
limit tests were conducted on specimens fiom cut new bricks. The brick comprised silty-
clays with some fine sands and organic materials (straw and wood fibers).

All tests were conducted according to the American Standards for Testing of Materials
(ASTM). No problems were encountered while conducting the test.
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Each brick was sawn in half and each half cut into triangles as shown in Figure 8 (a) and
(b). Triangles were cut in half horizontally to make four blocks from which specimens
were cut using a specimen cutter shown in Figure 8 (c) and (d). A 6.35 cm (2.5 in)
diameter shear box shown in Figure 9 was used. Three to four tests were conducted per
specimen using a strain rate of 17o per minute. Normal stresses ranged from 100 KPa to
221 KPa Tests were conducted until a distinct failure was noted and some tests were
conducted beyond to determine residual strength.

(a) (b)

-
(b) (d)

Figure 8: Cutting bricks (a), preparing direct shear blocks (b), specimen cutter used to
cut specimen (c), and trimming specimen into cutter (d).
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2.2.2 Mechanical Properties
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(a) (b)

Figure 9 Placing the specimen into the direct shear box (a) and conducting a test (b)

The samples of the historic bricks were labeled ABD #1, ABD #2, and ABD #3. The
sample fragments were barely large enough to labricate one, 2.5 in. diameter sample with
thicknesses of I .0 inch per brick for use in the direct shear apparatus. This is far fewer than
the number required to adequately verifo the shear strength of the "older" bricks.
Therefore, the test results cannot be relied upon with any degree ofconfidence.

The specimens were cut into a sample cutter and the ends trimmed as previously
performed. A strain rate similar to that previously used was applied and samples were
tested beyond failure. The "old" specimens appeared to contain more plant fib€rs that the
"ned'bricks previously tested. The observed (not tested) porosity and density appeared to
be highly variable throughout the solid fiagments among the "old" brick samples.

A comparison ofplant fibers between the "newer" and "older" bricks is shown in Figure
10. The "old" specimens exhibited a higher density of plant fibers and the fibers appeared
to be somewhat aligrred (#l AND #3). In contrast, the "new" samples have less plant fiber
content and the fibers were randomly oriented.

December, 2005, page 17
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(a) (b)

(c) (d)

Figure l 0: Post-failure samples for (a) "new" bricks and "old" bricks (b) ABD #l ;
fragnrent surfaces for "old" bricks (c) ABD #2, and (d) ABD #3

The combined results ofall testing are shown in Tabte I. Figure II shows plots of peak
shear stress and normal stress. The "slope" ofthe lines through the data for "old" bricks
indicate that the shear strength lor these bricks possess both cohesion (y-intercept) and
friction (slope ofthe lines). Figure l1(b) shows the shear strength for the "new" brick
possess only cohesion (indicated by the horizontal shear strength line. regardless of the
normal load during testing).

The strength of materials or resistance to failure, degradation, or erosion is indicated by
both cohesion and friction. The cohesion is a measure of the inter-grain attraction and is
formed by two basic processes. These are soil-moisture behavior and cementation.

December, 2005, page l8
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Relative
Brick Age

Sample No. of tests Cohesion
(KPa)

Friction Angle
(degrees)

New 4 214 0

4 405 (average)

6 3 145 0

ord I I 190 (est.) 22.3
2 I 22.3

I 92.7 22.3

Fine soils possess a slight to severe negative charge on grain surfaces. Any minute amount
of atmospheric moisture (or water that carries a positive charge) will bond strongly to the
grain surface, aggegating gains together. The smaller the moisture content, the more
strongly these particles are bonded, providing a high tensile strength and cohesion (one
component of shear strength). Cohesion of this type is greatly affected by grain size,
mineralogy, and moisture present.

Cementation is a natural process of aging. Fine grain soils ( silts and clays) can often be
cemented together with chemical silica, carbonates, and sulfates (e.g., accumulation of
gypsum). Evaporation of water within pores can cause salts to deposit, resulting in particle
bonding. Some agents can lithify particles at contacts points, changing the original
physical-chemical structure. Cementation is a function ofbonding agent type (i.e. cement),
degree of bonding (7o of cement), percentage and t1,pe of dominant active mineral.

Friction, the second component ofshear strength, is controlled by grain shape, size and size
distribution, and the volume of the pore space. Frictional resistance occurs when grains do
not easily slip past one another during shearing.

The "older" bricks posses less cohesion that the "newer" bricks. The lower cohesion may
result from the op€n structure (less grain contact) and more plant fiber that may not
necessarily exhibit attraction to the fine soils. However, the "older" bricks possess friction
(verified for samples 2 and 3 and estimated for l) whereas friction was absent in the "new"
bricks. The reason for this is unclear and cannot be verified due to the limited number of
samples available for testing.
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Table I Summary of Direct Shear Tests:

5 0

92.7

Soil Moisturc Cohesion

Cementation Cohesion



2lt!
1 = O.all (,n + 12.7

/tr
a2

ARCE Egyptian Antiquities Project
PHARAOH K}IASEKHEMWY'S FUNERARY MONUMENT AT ABYDOS. 2OO4-05

fi

i,

600

5()0

aoo

300

200

too

6

200 300 t00 500 600

no6rr3t-.r, o. (KP.)

1

243

t
0
o 1oo

Brick
ABD #1

ABD#2
ABD #3
4
5

6

"new" bricks
"old bricks

500 600

Shear Strength (KPa)
221
124
124
214
450
145

200 300 400
qi.l&r.., oo (xP.)

(a) O)

Figure I l : Test results for (a) the "old" bricks and (b) the *new'' and "old" bricks

In order to compare the strength of each brick sample, the strength is computed for a
hypothetical brick located 5 m Iiom the top ofa wall. The normal stress of the overlying
bricks is computed to be approximately 75 KPa. The strength ofthe "older" bricks is given
as

Strength : cohesion * normal stress * tangent (friction angle)

For the "new" bricks, the strength is simply equal to the cohesion. Computing the shear
strength for a brick 5 m beneath other brick, the following values are computed:

Averaging the strength for the "old" and "new" bricks,

270 KPa ( l0 samples)
156 KPa (3 samples)

This difference between the two ages ofbricks may indicate that the "old" bricks are

somewhat weaker than the "new" bricks and more prone to erosion- However, insuffrcient
samples were available to substantiate shear strenglh for "older" bricks.

)--
-J
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2.2.3 Liquid and Plastic Limits

The liquid limit of the brick material is 30 and the plastic limit is 21.3. The average plastic
index for specimens from three new bricks is 17.7. The soil is classified as a CL or clay
with low plasticity.

The average cohesion of two specimens from brick 5 averaged 468 KPa while two
averaged 344 KPa. The two groups were sufficiently different in strength properties that
they were not averaged. No explanation can be provided for the large difference in
strengths between the two groups of bricks. Typical failure specimens are shown in Figure
12 for brick 5. Figure l3 is the graph ofthe shrinkage curve for the bricks.

Figure l2: Failure specimens fiom brick 5
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Figure l3: General shrinkage classification curve for the samples tested.

2.2.4 Comparison of Old and New Bricks

It is clear that there was a considerable range in textures of the old bricks when they were
first made. This difference has been accentuated by the differential weathering the bricks
have been exposed to since they were emplaced into the structure. In general the new
bricks are coarser textured in that they contain significantly more sand than the original
bricks. The amounts of silt and clay are about the same for new and old bricks. The new
bricks also have a considerable range in texture, the differences being principally in the
amount of sand and silt.
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Other significant differences between the bricks are in the soluble salt content. Two of the
old bricks had a similar salt content, and ABD t had a higher salt content. This variation
could represent diflerences in the original manufacture but it could also result from salt
accumulation after the brick was incorporated into the structure. The location of the brick
and is apparent exposure to wind and rain may shed some light on this.
The clay mineral composition shows that the old and new bricks are essentially from the
same material with minor differences seen in the amount of smectite and mixed layer clays.
The mixed layer clays and the smectites have the ability to expand upon wetting which can
help in the disintegration of the blocks over time. The slight differences in the smectite and
mixed layer clay content ofthe old and new bricks are not reflected in the shear test results.

2.2.5 Strength

Shear strength and Atterburg tests were carried out on the new and old bricks. The old
bricks were distinct from the new bricks in that they possess fiictional strength as well as
cohesion. The new bricks only show cohesive strength. Although the number of tests for
the old bricks was limited due to the small sample size, the data suggest that the old bricks
are weaker than the new bricks, and that this difference in strength is probably due to the
destruction of organic material within the brick. The texture and salt content ofthe bricks
also plays a role in the strength ofthe blocks. There is increasing finer texture ofthe new
bricks from ABD 4 to ABD 6, and ABD 5 has a slightly higher clay content as AIID 6.
Therefore it is diffrcult to attribute the differences in physical strength to the changes in
clay content alone. ABD 6 also has much higher organic matter content than ABD 4 and 5,
and a corresponding higher content of soluble salts. The relationship between soluble salts
and organic matter content is not linear. ABD I and 4 have high organic matter and high
soluble salt contents, yet ABD 9 and,12 have low organic matter contents and relatively
high soluble salt contents. It is possible that the source of the organic material may be the
cause of these differences. The other major source of soluble salts in these samples is from
the alluvial soil sample, ABD 12. This sample has a high clay content and a high soluble
salt content. It appears that high organic materials along with a high soluble salt content
are the main reasons for the differences in the strength of the new bricks.

The mortar has a similar range in composition and salt content as the bricks and thus they
do not indicate a separate mix of material than that ofthe bricks.

2.3 MICROFLORA IN THE SHUNEH BRICKS

When the old bricks were opened, all were characterized by significant voids often
containing white mycelia. It appeared that some microorganisms were living in the bricks
and feeding on the organic material incorporated as binding agents in t}te original bricks.
As the organic material was consumed it left voids within the structure of the brick,
contributing to a decrease in the engineering strength of the brick. Because of the wide
variability in the amount of voids in the block we feel that it is difficult to determine how
representative the engineering tests on the old bricks are ofall old adobe bricks.
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To identifu the fungus growing on the organic material, DNA was extracted then the small
subunit rRNA gene w,rs amplified using the polymerase chain reaction and universal
eukaryal primers. This was then cloned into Escfterichia coli, creating a clone library then
the gene was partially sequenced from seven clones- The sequences from all seven clones
appear identical indicating that one fungal tlpe dominates. The sequences show
approximately 97 % similarity to an Ascomycete named Cephaliophora Irregularis and
also to another closely related organism named Strobilocypha fuliae.

The fungus appears to be feeding on components of the straw. The organisms are
Ascomcyetes, ("sac fungi"), they are filamentous, and reproduce sexually and asexually.
They are common in this environment. Although these organisms probably contribute to
the reduction in the strength ofthe adobe blocks treating the blocks with fungicide probably
would not significantly enhance the long-term stability ofthe blocks. The fungicide would
be toxic, and would need to be applied on a regular basis. Applying the fungicide in a
solution would probably accelerate abiotic deterioration and erosion of the blocks.
lncreased humidity would almost certainly speed metabolism in the fungus.

PART 3 SUMMARY

The new bricks are coarser textured than the new bricks. It would appear that too much
sand is being added in the manufacture of new bricks. Perhaps more importantly the
amount of added straw and the salt content ofthe "soil" sample seem to be related to the
strength of the new blocks. A fu.rgu" an Ascomycete has attacked the organic material in
the old blocks. The destruction of the organic material is one ofthe major causes of
differences in strength between the old and new blocks. It does not seem practicable to
control the flrngus using herbicides

The strength ofthe new bricks is determined by a combination ofthe composition and the
amount of organic material. The lower the soluble salt contents of the bricks the higher the
strength. Increasing the sand content also increases the calcium carbonate content, which
would act to stabilize the brick especially if it is exposed to rain water.
Deterioration ofthe bricks is strongly influenced by the activity ofthe fungus feeding on
the straw within the blocks. Keeping the blocks as dry as possible will reduce the rate of
fungal activity.
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Apnendix l: Streneth of Oricinal Mudbricks and the Pressures of Overburdens

Anthony Crosby

The condition ofthe existing mudbricks visible in the Shuneh walls vary from extremely
poor to reasonably good with the majority being somewhere between the two extremes.
The ones in extremely poor condition are friable, very porous, and extremely weak to such
a degree that tley break apa( easily when dropped and compress and crush with a minimal
load of only a few pounds. Those in good condition are most often found in locations that
have not been exposed on or near the surface ofa wall or feature, are not easily broken, and
will resist pressures that exist in the walls. The majority of the mud bricks, those in fair
condition, vary in porosity, surface hardness, and overall strenth. Some are only slightly
better than those in extremely poor condition, while others appear capable of withstanding
considerable pressures.

One concem in undertaking the major structural repairs at the Shuneh is whether the
bearing capacity, or compressive strength, ofthe ancient mudbrick walls is sufficient to
withstand t}re pressures ofnew mudbrick wall sections that have been or will be added.
The height of the new wall sections will vary between less than a meter, for the wall caps,
to approximately seven meters, in areas where large buttresses are required. There is no
obvious or direct visible evidence ofthe compression ofthe mudbricks in the lower walls
of the Shuneh from the weight of the mudbricks above, even in the tallest existing walls.
Evidence ofthe compression of the lower bricks from the load ofthose above, if it exists,
can often be seen in a slight to extreme bulging out ofthe walls at the base, a general lack
ofclear definition ofthe mud bricks in the lower parts ofthe walls, and the overall
reduction in the height of a section ofnumber of courses of mudbricks at the wall base.
Even in walls that still retain the original plasters and much of their integrity, there is no
evidence of compression at the Shuneh. However, the eroded surfaces of walls, in the
majority ofcases, would partially obscure any evidence of the compression of the bricks.
There are some undulations in the original brick courses, but none appears to be the result
of settlement.

An estimate of the loading on the lower bricks by existing mudbrick walls is 15 thousand
Pascals (kPa), or approximately 2.2 pounds per square inch (psi) for every vertical meter of
mudbrick added. This is consistent with conservative assumptions of pressures between 2.2
to 2.5 psi. Some variations are assumed because the specific gravity of the old and new
bricks will vary somewhat. For the fi.rll wall height of 1 I meters the estimated pressure at
the wall base will be between 24 and 28 psi, or 1 65- I 90 kPa. Because of the mass and the
low slendemess ratio of the walls, additional pressures from wind or low intensity ground
motion events would not affect these numbers significantly.

Testing ofshear strenth ofseveral of the mudbricks were undertaken as part ofthe material
testing done by New Mexico Tech. Unfortunately, there were insufficient samples
available to determine the compressive strength ofthe ancient Shuneh bricks. Field tests
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were also undertaken in 2000 and in Spring,2005, to develop a clearer understanding ofthe
strength of the mudbricks.

At New Mexico Tech only three Shuneh bricks were available for testing and they were
tested for shear strength and reported on above. The shear strength results cannot be relied
on completely because the number of samples was less than required to adequately verifo
the results. However, these are the only actual data available and have to be considered.
The results of the limited tests indicate a high of 221 kPa and a low of 124 kPa with an
average of 156 kP4 or 22.6 psi, calculated for an overburden of 5 meters. While there is no
direct correlation between shear sfength and compressive strength, it is the general practice
to assume that the shear strength is approximately 10-1 5% of the compressive strength of
mudbricks. Taking the average of 156 kP4 or 23 psi, and dividing it by 0.15 (15%) results
in an estimated compressive strength of 150 psi.

The field test at the Shuneh conducted in 2000 by Conor Power showed an estimated
compressive strenglh of 400-700 kPa" or 60- 100 psi. Tests in April, 2005, approximated
the compressive strength by loading various sizes of seven mud brick cubes. The cubes
were cut from bricks that appeared to be in fair to good condition. Seven cubes were
tested. The cubes were placed on a flat plate and another plate was placed on top of the
cubes to support the loads. The determination of failure was not always clear and had to be
estimated, but the estimated strengths appear reasonable. The results varied between less
than 25 psi to more than 63 psi. The equivalent strength in Pascals is 124 to 434kPa. ln
reality some ofthe bricks that failed at less than 25 psi would probably have failed at less
than l0 psi. The overall range of the thee tests is from less than 25 psi to 150 psi, a wide
range, but one that probably reflects the actual variation in strength ofthe ancient mudbrick
reasonably well.

Because of the variables and the limitations in the testing, the results of comparing the
strength and pressures on the walls can only be looked at as a rough guide. With the data
and the information available, the most logical assumption is that the average compressive
strength of the Shuneh mudbricks is approximately 60-75 psi, or 410-520 kPa. The
pressues at the base of the walls are estimated ar 24-28 psi, and even when taking a more
conservative figure of30 psi, the compressive strength ofthe walls is suflicient to resist the
existing pressures as well as any additional pressr.res fiom the new mudbrick sections.
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The actual strength of the walls is not the same as the strength of the individual mudbricks.
The walls are composed of mudbricks and mud mortar, and the composite of the two has to
be considered. In the Shuneh walls the mud mortar is consistently stronger than the
mudbricks, and the combination ofthe two should be stronger than the strength of the
mudbricks alone.

The actual effect ofthe new all sections is continually being evaluated to determine if
physical evidence of compression can be identified. Observations ofanew mudbrick
section added in summer, 20M, to the northeast end of the northwest wall, showed that in
the months following construction a I cm crack developed between the old and new wall
sections. While the majority of this movement can be attributed to the normal shrinkage of
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the new wall section during curing, there appeared to be a slight rotation of the new
construction away fiom the existing walls that could have resulted from settling of the
original masonry on which approximately 5 meters of new mud brick construction was
added. In this case the compression could have been less than I cm. Future new mudbrick
construction necessary to stabilize existing walls will probably add as much as 7 meters of
overburden. The seven meters will result in pressure on the original bricks of 105 kP4 or
between l5 and 19 psi, well within acceptable limits.
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