All too frequently RMC bridges are built as part of rural road upgrading projects on old drift
sites which were deliberately situated on wide sandy stretches of the river where the flow is
shallow. These sites are often far above good founding material. In such cases, the
construction of adequate foundations becomes very difficult and is likely to compromise the
financial viability of most RMC bridge designs. Founding on unstable silty material may be
dangerous, owing to the tendency for the riverbed material to become liquid, a phenomenon
which has been reported to occur at depths as great as between two®? and ten® metres below
riverbed. While some designers®® might argue that it is often not possible, or indeed
economic, to found RMC bridges on bedrock, Shelton reminisces that never once was he unable
to find a site which offered exposed rock right across the river as a foundation®?.

Where a bridge is built as a skew crossing or on a curve of a river, the designer runs the risk
of his structure being damaged or made completely redundant. The skew crossing tends to
channel the stream towards one of its banks, particularly when it becomes blocked by debris
during floods. The chance of that abutment being damaged is greatly increased if it is not
founded on bedrock. Centrifugal force of a river at a bend tends to channel the flow towards
the outside bank particularly during floods, and the presence of the structure merely serves to
accelerate this flow and enhance erosion. In such cases, rivers have been known to cut
complete new channels around bridges, and remain permanently realigned, necessitating the
construction of new structuras®>59,

In cases where river-bank gradients require significant modification, the viability of the
structure is likely to be compromised. Earth fill approach embankments are a tempting shortcut

but are notoricus for being washed away by floods®**.

Any built-up approach produces
appreciable obstruction to the river’s flow as it acts like a weir. Therefore, built-up approaches
should be treated as a continuum of the bLridge structure. They should be provided with
apertures to reduce their obstruction and be as structurally competent as the bridge itself.
Excavated approaches “in cut” are preferable, but are liable to become choked with debris

during floods, necessitating clearing afterwards.

8.2.1 Founding on rock

‘Where bedrock occurs at abutment sites, the economy of an arch bridge is likely to be excellent
since the problem of providing a suitable foundation to resist not only its mass but also its
thrust, has already been solved by nature. Where this rock is reasonably plane and
perpendicular to the line of thrust, arches can be sprung directly from the rock surface. Where
this is not the case, the casting of concrete bases to levels upon which centring (formwork) can
be erected is recommended. In both cases anchorage via socketing and/or dowelling is
recommended.
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8.2.2 Founding on material other than rock

Where it is not possible to found on bedrock {due to its non-existence at an accessible depth)
and the stability of the riverbed, below the foundations, can be ensured, then there will be a
requirement for the use of bases, reinforced concrete raft foundations or piles. Consideration
should be given to the maintenance of the horizontal reaction to arch thrust at abutments in case
the structure, or indeed, the riverbed should move. Figure 8.2a proposes one practical way in
which this may be achieved where a bridge is founded on bases. Kowalski®? has proposed
the use of a reinforced raft foundation to tie both abutments together as an altemative means
of maintaining the resistance to the arch’s thrust (see Figure 8.2b). Where piled foundations
are used, some raked piles inclined sub-parallel to the line of thrust may achieve the same
result. Resistance to transient loading may also be achieved by the use of raked piles and/or
by increasing the width of the structure. Bases should be designed to minimise the danger of
undeimining by scouring during floods, and also to provide the required bearing area, so as not
to exceed the bearing strength of the river bed. To guard against the scouring action of the
foundations, scour protection from one abutment to the other, terminating at cut-off walls on
the leading and trailing edges is required®?, The cut-off walls, particularly on the downstream
side, must be built to a depth below which stability of the riverbed material is assured; and no
less than about two metres. In many rural areas, such as the Northern Province in South
Africa, gabions are deliberately not used as scour protection bgcause the wire is frequently
stolen. RMC, 1ip rap or grouted stone piiching has been preferred instead.

8.2.3 Founding partly en reck

Although bridges with alternate abutments founded on rock and other material respectively do
exist, the practice is not recommended. A 3,7 m radius arch bridge, in the Sekhukhune area
in the Southern District of the Northern Province of South Africa, founded partly on rock and
partly on clay, was reported to have been severely damaged during a flood in 19957, The
abutment founded on clay is understood to have been undermined.
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Fig 8.2 a. A proposed arch bridge design for founding on soils. The inclined foundation

abutments are intended to maintain the reactions to horizontal thrust in the event of subsidence.

Wing walls and scour protection have been omitted for clarity. b. Kowalski’s®? proposed

reinforced raft foundation used to maintain the thrust equilibrium reaction.
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8.3 FORCES TO BE RESISTED

Arch bridges and their foundations need to withstand transient water loads during floods, self-
weight, traffic loads, internally generated arch thrust, and possibly load redistributions cause:d
by foundation distortions.

8.3.1 Transient loading

Bridges with a small aperture fraction (typical of RMC arch bridges) produce an appreciable
obstructien to a river’s flow, frequently aggravated by driftwood blocking the flow through the
apertures, effectively forming a weir. Therefore, unless the bridge is designed as a high-level
structure capable of comfortably accommodating the most severe flood-waters, overtopping
must be considered as an important loading condition. Overtopping causes sigaificant lateral
load, particularly when the apertures are blocked, possibly leading to overturning of the
structure, as demonstrated by the collapse of an arch bridge after very heavy local rain reported
by Konishi®®, In the event of uncertainty as to the presence of hydrostatic uplift beneath the
structure, it is prudent to assume that the entire structure is buoyed-up. Therefore, the
overturning moment must be considered in combination with buoyed-up ‘density’ and biocked
apertures but not with traffic loads. Thus, the required moment, to restore stability against
overturning, may be calculated by taking moments about the base of the downstream face;
assuming the buoyed-up ‘density’ of masonry to be 1000 kg/m’ less than the true density of the
masonry. Tall single lane bridges are most likely to require anchorage to resist this eventuality.
Data concerning actual values of flood-water pressures may be sought from other sources®®
or from an assessment of water depth provided by the Department of Transport Guidelines®?.

8.3.2 Traffic loading

An assessment of appropriate standards for rural roads®'® has considered the traffic that is
likely to use the rural roads for which most RMC bridges are designed. The recommendation
is made that NA and NB24 vehicle loads, as defined by TMH 7¢-'D (1981), should be used.
The maximum vehicle loads that the bridges are required to withstand are thus 16 wheel loads
of 60 kIN each, consisting of four rows in two pairs. Each row of wheels is separated by a
minimurs of 2 m, and each row has four wheels spaced 1 m apart across the bridge. The wheel
contact area may be defined by a square with a 240 mm side. If more anibitious structural
designs are attempted, for example, bridges to carry traffic on national roads, then NB36
loading would appear to be appropriate (where the maximum wheel load is 90 kN and the wheel
contact area may be defined by a square with a 300 mm side). Where a structure is to be
covered with fill and/or a sub-base, the compaction equipment used may subject the structure
to a more severe point load; particularly if a steel roller acts directly on the rough rubble finish.

8.6



84 GEOMETRICAL CONSIDERATIONS

Thom®* has asserted that: “A bridge structure should either be a high-level structure,
capable of passing a significant design flood, or a low-level stream crossing, designed for
overtopping. A structure placed intermediate in relation to these two options forms a barrier
to flood-water and greatly increases the risk of damage with cost related implicatiors.”
Every effort should be made to minimise the bridge’s obstruction to the flowing river,
particularly when it is in flood. Large apertures are less likely to become blocked and require
maintenance, Therefore, the arch designer should always aim to make apertures as big as
possible. Shelton®recommends a minimum span of at {east five metres over any river worthy
of its name. Zimbabweans®*#!® have found that inclining the upstream elevation of the bridge,
with a wedge of additional masonry, assists in lifting debris over the top of the structure and
clear of its openings. dos Santos®'® proposes a catenary bridge deck (lowest at the centre of
the river) to encourage overtopping of the structure at midstream to prevent scour from eroding
the approaches and abutment:. Kerbs and guide-blocks should be kept discontinuous to
decrease obstruction to debris and flood water®'?),

8.5 METHODS OF STRUCTURAL ANALYSIS

Aithough there appear to be no reported incidents of live-load-induced RMC bridge failures,
their reliable analysis is prerequisite for achieving efficient designs of more ambitious
staucturss in future, Numerous authorities including Tellett®'?, Hendry®'?, Page®' and de
Bruin®'? have reviewed a variety of methods of structural analysis of arch bridges, both
simple and complex, with which arch bridge designers ought to be acquainted. Traditional
design philosophy assumes that arch masonry possesses good compressive strength but zero
tensile strength and aims to prevent the formation of tension within the masonry by limiting the
resultant line of thrust to lie within the middle third of the arch ring. This is easily achieved
in arches which carry either a pure uniformly distributed load or a pure point load. In the
former case, for example, where the arch is only required to support its own weight, it would
always meet these conditions provided it approximated the shape of an inverted catenary. The
inverted catenary arch perfectly traces its line of self-weight-induced thrust; just as a chain sags
reciprocally in perfect tension. Where the arch has only to support a point load, it would
satisfy these conditions if it had a triangular shape whose apex coincided with the load.
However, upon the application of point loads to the catenary arch, tensions quickly develop .
‘Where the point load is static, such tensions can easily be alleviated by distorting the catenary
arch shape towards that of a triangle. However, when the point load may be moving, as is
usually the case in bridges, the solution is more complex since the arch ring must be capable
of accommiodating each unique shape of line of thrust as the load moves across its deck. In
practice, this is achieved by thickening the arch ring and/or by increasing the dead-weight of
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the structure itself and/or by tolerating a small amount of tension within the arch. It is
generally assumed that the material is infinitely strong in compression and that, provided the
reaction to thrust is maintained, a failure condition is reached when the line of thrust reaches
the outer faces of the masonry at no fawer than four points, converting the structure into a
kinematic mechanism by the formation of hinge points where the line of thrust alternately
coincides with the intrados and extrados of the arch. Three possible kinematic mechanisms are
illustrated in Figure 8.3 for elementary point loads, from which it can be seen that hinge points
are always formed on altemnate sides of the arch. The diagrams show the lines of thrust
originating from the point loads as straight lines. This is not only conservative but unrealistic
since the line can only be straight if the structure itself is weightless., The true line of thrust is
defined by the path followed by the resnitant of all the forces acting on the arch across its span,
including self-weight and external actions. Hence, the true lines of thrust will be bent
favourably away from the intrados. However, the heavier the point load in relation to the
weight of the structure, the straighter the line of thrust will become. Determination of the
position of this true line of thrust may be obtained by calculation®'® or by a graphical
method®!? of analysis. Figure 8.4 shows advanced stages of collapse in two model arches.

PR

4 hinge eccentric load 5 hinge concentric load 5 hinge double load

Fig 8.3 Possible arch ring hinge failure mechanisms that may occur provided reaction to thrust
is maintained. The straight lines of thrust imply that the structures are weightless.

Fig 8.4 Model arches demonstrating advanced five hinged concentric (left foreground) and four
hinged eccentric (right background) load collapse mechanisins.
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8.5.1 Calculation of the position of the line of thrust

The arch is divided into equal segments with point loads emanating from their centres
representing the self-weight of the structure including the road and fill. Reactions are
determined by taking moments about estimated reaction hinge positions and the position of the
line of thrust relative to the intrados (measured vertically) is determined accordingly. A line
ofthrust which falls outside of the arch ring indicates an incorrectly estimated reaction hinge
position.

Graphical determination of the position of the line of thrust

Ideally, this method of analysis is best performed with a computer-aided drawing program to
ensure graphical accuracy. The practice of performing the analysis provides the arch designer
with an ‘intuitive feel” with which to anticipate the consequences of future modifications to
various arch design parameters, particularly regarding the contribution of self-weight in
maintaining equilibrium. The example shown in Figure 8.5 considers a 90 kN wheel load at
mid-span to be a point load shared equally between the two halves. Because of its symmetry,
only one half'is considered:-

a) The arch is divided into an arbitrary number of equal segments (seven in this case).
The weight of each segment (comprising the self-weight of the structure including the

road, fill and live-load) is represented as a point load emanating from the centre of
each segment.

b) Horizontal thrust ut the upper third of the crown is calculated by taking moments
about one of the reactions (Assumed at A in this case).

H,x r=50%x21+6x%x18+7x15+8x12+12x09+12%06+11x0.3
~ H, x 1.5 = 157.2 kNm (substituting r)
~H, =104.8 kN

) The force diagram is p.otted, using Bow’s notation (on the left hand side of
Figure 8.5).

)} Starting horizontally at the crown reaction, the line of thrust is plotted on the arch
profile parallel to the equilibrium vectors on the force diagram; 0-0 to the middle of the
first segment; changing slope to 0-50 to the middle of the second segment and so on.
The fact that the line of thrust plotted does not exactly intersect point A signifies that
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this assumed reaction liinge was not precise.
e) The process is repeated for different load conditions and/or arch shapes and is useful

in determining violaticns of design criteria such as the formation of mechanisms or the
middle third rule.
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Fig 8.5 Graphical method of determination of the position of the arch’s line of thrust. Each
of the seven segments is 300 mm wide.

8.5.2 Finite element analysis and the evaluation of a simple model

Until recently, finite element computer models for the analysis of arch bridges were inaccessible
to many designers. They typically required very expensive computer hardware and software
and the finite mesh had to be generated manually; a process that took much longer than
graphical arch design methods. A recently availed two dimensional plane strain program
(“Prokon” Groenkloof, SA & London, UK Plane Stress/Strain Analysis) was made available
to this initiative for the analysis of RMC arches. Given a grid spacing within the limitations
of its capacity, the model is able to quickly gersrate its own mesh and therefore easily
accommodate design changes. Moreover, it is able to model structures compnsmg more than
one type of material and can therefore accommedate additional overburden layers and in so
doing, distribute concentrated wheel loads over the masonry. However, additional overburden
layers do not normally form part of a RMC bridge structure and there may be better ways of
modelling the resistance of fill. The model’s limitations include a restriction to assumed linear
elastic homogeneous material response and its inability to model independent behaviour in
compression and tension, precluding it automatically allowing cracks to develop. Furthermore,
it makes the assumption that the foundations are infinitely stiff; an assumption perhaps realistic
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when founding upon rock but questionable in soils. Required input includes an estimation of
material properties; namely, density, stiffness and Poisson’s ratio as well as imposed point
loads and UDLs, It assumes the materials to be homogeneous and allows the user to
manipulate the mesh size to achieve an acceptable compromise between detail and processing
time. The output data include quantified maximum compressive and tensile stresses, together
with their coordinates and stress vectors as well as deflections and their coordinates.

8.6 FINITE ELEMENT ANALYSIS APPLIED TO A TYPICAL STRUCTURE
AND THE EXPLORATION OF DIFFERENT APERTURE SHAPES

Table 8.2 shows some effects of four different aperture shapes, each with an equal cross-
sectional area of 2.3 m”?. A two dimensional plane strain finite element model “Prokon” was
used to compare maximum stresses and deflectious at midspan. The structure was designed
to carry a temporary deviation road as part of a itational road rehabilitation program in the
Northern Province of South Africa and was therefore designed to withstand NB36 loading.
The assumed material properties, including a 150 mm subbase immediately below the road
level and a granular fill between the subbase and the road level, are presented in Table 8.1.

Table 8.1 Material properties adopted for theoretical analysis.

) Elastic modulus Poisson’s ratio Density
Material
(GPa) (kg/m’)
RMC 28 0.2 2400
Granular fill 012 0.35 1800
Subbase 0.2 0.35 1800

A sepsitivity analysis revealed 2 100 mm grid interval, for generating the finite element mesh,
to yield slightly higher stresses than both Jarger and smaller spacings. As well as being
conservative, this grid size was found to produce acceptable detail without excessively
compromising the processing speed. A one metre wide elevational section was assumed to
carry the entire 300 nun wide NB36 wheel load. This assumes a load spread of only 350 mm,
on either side of the wheel, over a depth of about 800 mm.
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Table 8.2 Maximum masonry tensile and (compressive) stresses and deflections at mid-span (jim)
in a RMC bridge with a coustant aperture of 2,3 m® and NB36 wheel-loading at various distances
(defined in terms of fractions of arch spans) from mid-span.

~~~~~~

Parabolic 2.7 m span

Position of Joad Circular 2.4 m span y = -0.692X%* Gothic 2.6 m span Triangular 3.0 m span

Load zero offset | 0.267MPa 303 pm | 0210 MPa 28.7pm 1 0310MPa 30.6um | 0.083 MPa 28.6 um

Load 1/12 offset | 0.223 MPa 29.0 um

Load 2/12 offSet | 0.201 MPa 26.1pm | 0.187MPa 23.8um | 0.199 MPa 25.0pm | 0.445 MPa

Load 3/12 offset | 0,228 MPa 22.4 um 0379 MPa

Load 4/12 offset | 0.275MPa 186 pm | 0.035MP2 159 um | 0.260 MPa 16.5pm | 0.406 MPa

Load 5/12 offset | 0.291 MPa 14.9 um 0.270 MPa 13.0 pm | 0.415 MPa

Load 6/12 offset | 0.285MPa 11.8 um

Max compressive (0.573) MPa (0.803) MPa (0.547) MPa (1.070) MPa
stress @ 412 off @ 4/12 off @ 5/12 off @412 off

8.6.1 Calibration and interpretation of the model’s output

A glance at the maximum stresses (presented in Table 8.2) confirms their very low order of
magnitude, A comparison of these values with recorded live-load-induced stresses (measured
with electronic resistance strain gauges), in a similar structure®? (see Appendix 1) confirms
that the model is predicting stresses of a realistic order. Unfortunately, the measuring
apparatus used was found to be insufficiently sensitive to record the minuscule live-load-
induced strains with much accuracy. Consequently, an improved mechanical strain amplifying
device (comprehensively described elsewhers®®? {see Appendix 6}) was developed and refined
to permit accurate calibrations.

In essence, the device (shown diagrammatically in Fig 8.6) consists of a thick walled, hollow
steel tube with a reduced cross sectional area (onto which electronic strain gauges ar¢ bonded)
over a fraction of its length. Both ends of the tube are fixed to rigid plates to transfer strain
from the structure directly to the tube. The entire length of the tube is surrounded by a plastic
conduit to preclude any additional load transfer between its ends.
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Fig 8.6 Schematic representation of the strain cell amplifier device developed for recording
small strains in RMC bridge structures.

Manipulation of the length and cross sectional area of the necked region permits the mechanical
strain amplification factor to be adjusted. The formula used to compute the device’s
amplification factor is derived in Figure 8.7 and mechanical strain amplification factors for a
numbser of neck configurations ate presented in Table 8.3.

A one metre long, 16 mm diameter tube with a 3 mm wall thickness, a neck length of 20 mm
and an A/a ratio of 10 was used. This geometry afforded sufficient space to accommodate
small electronic gauge rosettes and yielded an amplification factor of about one order of
magnitude. Sets of these devices were constructed and embedded into thres bridge structures
during their construction, Unfortunately, flooding, theft of the copper cable and a last minute
variation to the design of one of the structures prevented the capture of any strain data from
each of these bridges respectively. Nevertheless, the very small live-load-induced strains
recorded in the pilot study®? suggest it is extremely unlikely that a structure (with typical
proportions; such as the one investigated) would fail as a result of masonry crushing, They are
far more likely to fail in tension, in which case, the triangular shape would fail first as its load
rolls 1/6th of its span off-centre, followed by the gothic arch with its load mid-span, followed
by the circular arch with its load 5/12ths offcentre, followed by the parabola loaded mid-span.

The parabolic shape, as adopted by some Zimbabweans for proprietary precast shells®3319 a5

permanent formwork, would appear to be optimal in limiting arch tension. However, the

circular arch should probably be retained for ordinary construction since parabolic formwork
would be very difficult to construct with the humble resources available to most developing
rural communities. An inference, which may be deduced from the insensitivity of these

structures to significant changes in aperture shape, is their tolerance of considerable geometric
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inaccuracies, such as the exact arch shape and road level as well as formwork deformation.
They would most certainly accommodate the magnitude of setting out errors {of about 100 mm)}
which dos Santos®'? anticipates from an unsophisticated workforce with limited supervision.

NOTATION

Rigid anchor plate

£r = Avzrage longitudinal strain between anchorages
&y = Longitudinal strain in the neck

&g = Longitudinal strain in the non-necked region

a = Cross sectional area of the necked region

A = Cross sectional area of non-necked region

L = Length between anchor plates

¢ =iength of necked area

f = Amplificatior: factor

En = Evx @A {EQN 1)
AL = Eyxt +&(-¢ (EQN 2)
= Eyxd +&yx8a (L-4  (Substituting EQN 1 into EQN 2)
g —_ __._‘}L___
NE T +an (L-9 (EQN 3)
AL
Er = T (EQN 4)
En
f = (EQN 5)
Er
AL X L {Substituting EQNs 3 & 4 into EQN 5
; +a/A (L-l) N ing s into )
- L
¢ +8/p (L-9

Fig 8.7 Derivation of mechanical strain amplification factor.
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Table 8.3 Mechanical strain amplification factors for:a number of neck configurations;
computed using the mechanical strain amplification formula derived in Figure 8.7.

2 3 4 5 10 20 50 100

1
1 183|150 ) 1.60 | 167 | 1.82 {1.90 | 1.96 | 1.98
1 167 | 214 | 250 | 278 | 3.57 | 4,17 | 4.63 | 4.81
0.1 1 1.82 | 250 | 3.08 | 3.67 | 5.26 | 6.90 | 8.47 | 9.17
1
1
1

0.05 190 | 2.73 | 3.48 | 4.17 | 6.90 |10.26|14.49|16.81
0.02 1.96 | 2.88 | 3.77 | 4.63 | 8.47 |14.4925.25]33.56
0.01 198 | 294 | 3.88 | 4.81 | 9.17 |16.81]33.56 | 50.25

8.6.2 Kinite element modelling of tension cracks and collapse mechanisms

Table 8.4 presents data generated by the model when triangular tension cracks are introduced
by substituting triangular areas, at points of maximum tension, with a material of greatly
reduced stiffhess. In both cases, the tensile stresses were inversely proportional to crack length,
confirming that the cracks facilitate in relieving tensile stresses. The corresponding increases
in compressive stress remained lower than the maxima recorded in Table 8.2, Thus, even after
load redistribution, consequent upon cracking, failure by masonry crushing remains extremely
unlikely. Figure 8.8 contrasts the tensile stresses before and after cracking. The very small
“post-crack” tensile stress at the extrados to the right of the crown indicates the approximate
origin of another tensile crack which needs to occur to create the fourth hinge prerequisite to
the formation of a kinematic mechanism before the arch will collapse. Figure 8.9 shows this
mechanism in action. However, this is unlikely to occur, since this tensile stress is probably
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too Iow to cause a crack, and even if it suceeeded, the abutments and fili would be able to resist
all but a cataclysmic kick of the hinge. The coarseness of the aggregate interlock in RMC
makes voussoir and/or haunch sliding failure mechanisms®2Y extremely unlikely, even in

severely cracked structures.

Table 8.4 Stress and deflection changes as a consequence of cracking at points of maximum
tension under wheel load.

\ _J \_J
Crack length 200 390 200 300
(mn)
Max tensile 0.182 0.150 0.221 0.075
stress (MPa)
Decrease in 37 48 17 72
max tensile
stress (%)
Max comp 0.504 0.538 0.488 0.491
stress (MPa)
Midspan 10.7 10.1 333 33.8
intrados
deflection (pum)
Increase in mid- 28% -32% 10% 12%
span intrados
deflection
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Fig 8.8 Tensile stresses in an arch loaded at 5/12ths of its span off-centre before (above) and after
(below) cracking, The arrow poiuting to the extrados to the right of the crown indicates a region of

increasing tensile stress which nccds to crack to form the fourth hinge. prerequisite to the formation

of a collapse mechanism.
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Fig 8.9 Unlikely four hinged collapse mechanism.

8.6.3 Buoyancy compensation in the estimation of self-weight

Self-weight plays a crucial role in the maintenance of arch equilibrium, since the heavier the
arch structure itself, the greater its tolerance of point loads. As the arch becomes submerged,
upon a rising water level, a proportion of its weight, equal to its displaced volume, may be
relieved. Thus, in supporting the structure and making it }ighter, buoyancy also makes it
weaker. The effect is significant considering that upon immersion, the weight of RMC would
be reduced by about 42% from, say 2400 kg/m?, to 1400 ke/m®. Table 8.5 presents the results
of a finite element analysis which quantitatively explores the changes which occur as the same
arch bridge is relieved of some of its weight (by buoyancy). The analysis was made simply by
reducing the material “density” of the immersed materials by 1000 kg/m®,

The structure loaded at mid-span experiences a 20% increase in tensile stress as it becomes
immersed. This is a result of the fabric being called upon to restore equilibrium upon the
removal of dead weight. The reason why this increase in tension does not appear to be
mirrored by an increase in compressive stress is because the net compressive stress is the sum
of both the fabric and gravitational reactions. As the fabric reaction increases in proportion
to load, as it must to maintain equiljbriufn, so the gravitational reaction diminishes at a faster
rate. In this case, the rate of gravitational decrease appears to occur at about twice the rate of
the fabric increase; reflecting a net decrease. The observed decrease in mid-span deflection
(raising of the deck) supports this hypothesis.
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Table 8,5 The effect of buoyancy on a RMC arch structure.

) \"J
NB36 SINGLE WHEEL NB36 SINGLE WHEEL 1% SPAN
MIDSPAN OFF CENTRE
Dry Buoyancy Dry Buoyancy
‘ compensated comapensated

Tensile stress (MPa) 0.261 0.312 0.281 0.316
(% Increase) (20) (12)
Compressive Stress (MPa) 0422 0.397 0.548 0.485
(% Decrease) © (11)
Mid-span deflection (um) 30.1 26.8 Iy 11.5
(% Dacrease) an 23)

8.7 ANCHORAGE AND RESISTANCE TO TRANSIENT LOADING

Anchorage against sliding and overturning from transient flood-loading may best be achieved
by socketing into bedrock and/or grouting pre-bent anchor bars into drilled holes (See section
7.11). Although standard jackhammer drill steels may be capable of forming a hole sufficiently
large to accommodate 25 mm nominal diameter reinforcing bars, it may be preferable to use
a lesser diameter bar to ensure a gocd grout surround. Bar spacers obviously help to achieve
this cover. The practice of cleaning the hole with high pressure water and air, followed by
filling the hole with liquid grout and placing the anchor into the grout enhances bond, cover and
resistance to corrosion. If the grout settles, the hole may be topped up with more grout. The
projecting bars should be sufficiently long and adequately embedded into the structure to
preclude masonry tensile failure immediately above the proximal end. Furthermore, the
projecting bar should not be embedded directly in RMC, but a cavity (of about 200 mm in
diameter) should be left around the bar and subsequently filled with a cement-rich high slump
concrete to increase the bar/aggregate interlock - thereby affording greater pullout resistence.
Anchorage may be further improved by linking the anchor bars with transverse reinforcing steel
secured within the “crooks” of their cranked radii.
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8.8 CENTERING (FORMWORK) ,

Timber has been used as centering for arches for many hundreds of years. Recently, the high
cost of timber has challenged builders to consider other alternatives. One method deployed in
the Northem Province of South Aftica uses corrugated iron sheeting pre-cranked to the intrados
radius®>#?)_ In the case of large radii, these sheets are propped by gum-poles until the
masonry becomes self-supporting (see Figure 8.10). A shortcoming of this method is that
frequently, upon construction loading, the form distorts. The use of stiff plywood profiles, onto
which the ribs and sheets are attached (see Figure 8.11) 1s proposed as an improvement. The
adjustable jacks and short sections (as opposed to one continuous form) ars intended to reduce
the difficulty of stripping and prevent damage in handling to facilitate maximum reuse.

Another method, claimed to cost 25% of the corrugated iron method, uses 50 mm saplings
spanned between temporary masonry profiles over which spent paper cement packets are
draped®>%22 However, the sag between poir s of support and the rougher finish is likely
increase the risk of blockage and cause unacceptable turbulence to fast flowing water.
Recently, a Zimbabwean company®**'? patented a proprietary precast concrete permanent
form shell named a “shelvert” which is delivered to site in two halves. Once joined at the
crown the structure is stable and capable of supporting load without any reliance upon the
strength of the spandre] masonry whatsoever (see Figure 8.12). An advantage of the system
is that it is not limited to a circular intrados.

Fig 8.10 Cranked corrugated iron sheeting and gum poles used as centering in the Northern
Province of South Africa.
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CENTREING WADE UP IN THO 6 METRE SECTIONS
FOR EASY MANQELVRABILITY & STRIPPING

20 nn THICK SHUTTERPLY
PAOFILES

CLAG XITH CURVED CORRUGATED
ROGFING SHZEYS CAANKED TO &
{,2n RADIUS SCREWED TO TIMBER

SURPORTED BY
ADJUSTABLE BASE JACKS

Fig 8.11 Proposed plywood stiffening to prevent distortion of the circular symmetry.

Fig 8.12 Proprietary precast concrete shells used as permanent formwork in Zimbabwe. The
parabolic shape is highly efficient in minimising tensile stresses in the structure. Photograph

courtesy of Fort Con.rete Zimbabwe.
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The small bridge (shown in Figure 8.13) at De Vasselat Tsitsikamma I{atinnal Park, South
Africa became unserviceable as a result of corrosion of its steel liner aiter 25-30 years of
service. The top of the liner remains extremely well protected, by zinc and bitumen; however,
its bottom, which is subject to abrasion, has corroded away in the high chloride environment.
It is proposed that the existing liner be reused as centering for a RMC structure without any
additional support. Corrosion will eventually consume the centering, leaving a permanent and
attractive RMC arch.

21
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Fig 8.13 This corroded steel liner can be used as centering for a permanent RMC bridge
replacement.

89  PLACING OF RyIC

With the exception of the smallest streams, construction should be restricted to the dry season
when many sonthem African rivers ceuse to flow, to minimise the risk of floed damage whilst
the new structure is most vulnerable. Nevertheless, to guard against the freak occurrence of
an out of season flood, large apertures should be left in the formwork to allow water to pass
under the structure. The stockpiling of river sand will also ensure that the contractor is able
to continue working should the river start to flow.
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The radial placing of boulders, with respect to their longitudinal axes, around the apertures (as
is shown in Figure 8.1), is recommended to derive maximum benefit fiom the bilateral
constraint afforded by the flatter surfaces. As far as possible, the placement of RMC should
commence from both sides simultaneously to prevent asymmetric distortion of the centering.
The placing of boulders in horizontal layers (with their longitudinal axes sub-parallel to the
principal stress trajectories), as is presently the custom, has been shown (see Chapters 3 and
7) to reduce the compressive strength, because the stiff inclusions tend to cleave the matrix
apart rather than tie it together.

8.10 JOINTS IN MULTIPLE SPAN BRIDGES

Although joint details in multiple span RMC bridges have seldom been implemented in practice
and no reported structural failures appear to have been attributed to their omission, there is
some argument for their insertion. Shelton®® cautions against the possibility of the formation
of inclined tension cracks created as a consequence of foundation movement and/or temperature
drop. The cracks would naturally tend to occur near the thinnest section at the crown and with
continual thermal pumping may cause significant misalignment of the deck (see Figure 8.14).
Varkevisser® recalls a RMC bridge in Makumbura, Zimbabwe whick was cracked right
through its crown, probably as a result of differential foundation settlement, yet it remained
serviceable for many years. The provision of vertical contraction/movement joints at the crown
of the arch or from foundation to bridge deck between successive openings is an obvious
solution to the problem. Such joints have been formed by building alternative sections of
masonry and then painting the joint surfaces with lime-wash before building in the remaining
intermediate masonry. Although discontinuity of moments and tension is desired at the joints,
aggregate interlock should be fostered for the transfer of siear to preclude arch sections from
sliding relative to their adjacent neighbours. Consequently, the practice of building these joints
against smooth shutters or by the inclusion of planer bond breakers is not recommended.

y i /

Fig 8.14 Possible inclined tension crack caused by contraction and/or foundation movement.
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8.11 ROAD SURFACES

In the absence of layer-works, the RMC finish is typically too rough and uneven for use as a
running surface for traffic. Screed toppings have been used®? but they tend to crumble and
wear quickly®??. The Zimbabweans recommend a 30 MPa concrete slab about 150 mm thick
(unreinforced®¥) and 100 mrm thick if mesh reinforced®'®.

812 RMAINTENANCE

Even apertures in the best structures are prone to becoming fouled and need to be cleared of
driftwood and other debris from time to time. Inspections for blockages of the apertures, scour
and structural damage should be undertaken routinely; at least after significant rainfall.

813 CONCLUSION

The competitive advantage of RMC arch bridges is often dependant upon their situation.
Ideally, a bedrock foundation and a straight section of stream with moderately inclined banks
is required. The positioning and geometry of the structure must be desiened to minimise
obstruction to the flow of water and debris. A graphical method to determine the position of
the arch’s line of thrust and a plane strain finite element model for arch structural analysis were
demonstrated. This finite element model was used to explore the sensitivity of a structure to
four different shape apertures (all of equal area) and the structural response of a circular arch
to its overtopping and cracking. Of the shapes considered to date, a parabolic aperture was
found to be optimal 1a limiting tensile stresses but is unlikely to succeed the circular arch for
the latter’s simplicity of construction. The effect of buoyancy due to overtopping was
demonstrated to increase tensile stresses withir the arch and thereby reduce its capacity to
support point loads. Failure by cracking in tension under wheel-loading was simulated
theoretically, revealing that the cracks may serve a useful role in alleviating tensile stresses,
Other modes of failure, including a hinged mechanism, were considered and shown to be
unlikely to oceur in the type of structure investigated. Hence, indications are that the critical
case of the RMC arch is governed not by material strength, but by equilibrium, Once the
problem of equilibrium is satisfied, compressive stresses automatically tend to remain within
acceptable levels. The robust sections of typical RMC structures make them sufficiently
tolerant of the sort of geometrical inaccuracies expected from an unsophisticated labour-force
without. tha provision of reinforcement.
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CHAPTER 9

CONCLUSION

Previous chapters contain their own concluding summaries within the ambits of their individual
objectives. The puipose of this final chapter is to reiterate and collate the most significant of
these findings within the broader context of this thesis. These overall conclusions indicate the
success of this initiative in fulfilling its objectives, areas in need of continued investigation and

some personal reflections.
The objectives of this study were declared in Chapter 1. Essentially, they were to:-

n Investigate the potential of RMC construction as a technically competent and feasible
employment-creating technology.

2) Explore the mechanical properties and physical behaviour of RMC.

3) Propose material specifications and guidelines for the design and labour-intensive
construction of RMC structures with particular reference to arch bridges.

9.1 SUMMARY OF SIGNIFICANT FINDINGS

9.1.1 The competitive advantages of RMC and its potential to provide sound

infrastructure and create employment

The literature surveyed (Chapter 2) indicates that the competitive advantage of RMC before

the 20" century evolved primarily as a consequence of its low energy requirement. Its
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competitive advantage today appears to emanate as a consequence of its effective use of
abundant local resonrces and its relative independence of costly mechanised plant and
transported materials’ acquisition. The success of many recent labour-intensive RMC projects
(which proved to be cheaper than conventional alternative designs) clearly indicates the
potential of RMC to provide cost-effective infrastructure and employment opportunities. The
cost savings realised in these projects (over more conventional altematives) also confirm that
this material is more tolerant of low productivity from the labour-force than many other labour-
intensive technologies. In addition, growing awareness of the need to create employment for
the unskilled destitute, and the need to provide ecologically acceptable infrastructure, are
factors that are likely to favour the choice of RMC in future. However, lack of knowledge of
the mechanical properties and physical behaviour of RMC have precluded engineers from
rationally designing structures of knowa reliability. Instead, they have been forced to make
reference to precedent. Examination of the evolution of RMC structures over the past 200
years shows an apparently unjustified growing dependance upon the reserves of this material’s
strength. Furthermore, designers and contractors often fail to appreciate the requirements for
humans to labour effectively on labour-intensive RMC projects. These factors threaten the
potertial application of RMC in future.

9.1.2  The mechanical properties and behaviour of RMC

In retrospect, this second objective was an ambitious undertaking. Firstly, there was a minimal
existing basis of knowledge to build upon, Secondly, it necessitated the physical exploration
of a material not conducive to conventional testing. Ideally, test specimens, for exploring such
a complex and coarse heterogeneous material, should have been bigger and more numerous
than the ones used in this study; yet, these were the biggest and most numerous that could be
managed given the resources at hand. Therefore, the configuration of experimental
investigations and the interpretation of the data that followed demanded the utmost care. To
minimise the chances o’ misinterpreting data due to inevitable random scattering of a fow
results, extreme opposite control variables were compared whenever this was possible and only
one control variable was manipulated at a time. Thus, rather than an exbaustive study of any
one property of RMC, this initiative might more aptly be described as a pioneering effort to
explore new territory and discover factors which significantly influence the physical behaviour
of RMC.

The investigations which explored the nmechanical properties of RMC have revealed that this
highly heterogencous material has the potential to exhibit great strength and stiffness
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anisotropy. Accordingly, RMC will probably never be as predictable as ordinary concrete and
a high partial material factor will remain a necessary precaution. Contiguous particle
interaction and the potential for anisotropy (as a consequence of an inherently predominant
orientation of elongated inclusions with respect to the principal stress) appear to account for
much of RMC’s unique mechanical properties and physical behaviour. Under uniaxial
compressive stress, fracture appears to be initiated by debonding of the stone-mortar interface
parallel to the principal stress before the material resists its maximum stress. Discontinuities
between the phases caused by contaminated rock surfaces, bleed-water lenses and trapped air
pockets appear to initiate parting of the phases. Thereafter, failure appears to be governed by
mechanisms which form between boulder inclusions. Rock fracture, as a result of high bearing
stresses, is common where contiguous boulders interact and bear upon their adjacent
neighbours. These bearing stresses increase with increasing boulder size and stiffness.
Elongated inclusions have an observed tendency to split, wedge or cleave the matrix apart

where their longitudinal axes lie nsar-parallel to the principal compressive stress trajectories.

In addition to the exponents currently recognised to govern the stiffhess of conventional
concrete, boulder shape and orientation appear to have a significant effect on RMC stiffness
and dilation, probably more so than rock stiffness. Mechanisms which form between the
boulder inclusions may cause high proportions of dilation perpendicular to the principal
compres:ive stress. The deliberate orientation of elongated boulder inclusions, perpendicular
to the principal compressive stress, appears to be an effective means of combatting this dilation.
RMC stiffiness appears to increase as the number of inter-particle contacts disposed to cairy
load within the principally stressed area increases. Thus, many small contiguously placed
boulders appear to produce a stiffer composite than a few large suspended plums.

In Chapter 5, it has been hypothesized that, in addition to factors known to govern the thermal
strain response of conventional concrete, inclusion size and particle contiguity may have a
significant effect on the thenmal contraction coefficiert of RMC. Where boulders are thermally
less responsive and stiffer than the matrix phase, contiguous interaction between the boulders
may be expected to yield a composite which exhibits different thermal strain responses above
and below the placement temperature. Above the placement temperature, the coefficient of
expansion is governed primarily by the more active matrix. Below the placement temperature,
the coefficient of contraction is checked by the contiguous particle interaction precluding closer
packing of the boulder inclusions. This may contribute to the apparent absence of post-
hydration thennally induced cracks in wide valley monolithic RMC dams. Precautions to limit
thermally induced tensile stresses in RMC, by limiting the placement temperature are
recormmended. Finally, until reliable quantified coefficients of thermal contraction for RMC
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avail, the use of equivalent data derived from conventional concrete and/or predicted values for
concrete appears to be the most prudent means of estimating a RMC structure’s thermal

response.

9.1.3 Human labour considerations of the most needy recipients of employment

Awmong the most needy recipients of employment are many southemn Africans who are not well
disposed to selling even their labour; including single women with dependents, the elderly
without pensions and the partially disabled. The health and nutritional status of this targeted
population has been shown to be far from optimal and declining. These impediments do not
enhance their physical capacity to perform hard manual work. Even at the best of times, the
available human energy to perform physical work is limited and consequently, if not efficiently
hamessed, the economic cost of human energy will be high. Notwithstanding, human labour
has a number of competitive advantages when compared to man-made machinery including:-
its versatility, its extremely efficient energy conversion efficiency and its disassociation from
fixed cost economic inefficiencies. (Conventional machinery is not cost-sffective when it is
underutilised for its intended purpose. However, human labourers are versatile and can adapt
to perform the tasks of many individnal machines thereby remaining occupied.)
Recommendations to improve the effectiveness of this targeted human labour population

include:-

1) The provision of healthcare and nutritional supplementation at the workplace in

addition to the minimum financial remuneration as payment for their labour.

2) Reducing the physical demands of “leisure’ activities by assisting in the provision of

transport to and from the workplace, providing childcare facilities and carrying water.

3) Scheduling the most physically demanding tasks during cool periods to reduce heat
stress on the body.

4) Hamessing gravity to advantage.
5) Promoting developments in hand-tools and human-powered machinery.

6) Design and specification taking ergonomics into account,
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9.1.4 Proposed material specifications

Although there can be little doubt that the proposed material specifications and design and
construction guidelines, which evolved from the findings of this study, could be improved upon

in future, this manuscript appears to contain the most comprehensive collation of technical

protocol on RMC practice to date. As an aid to design, it provides a point of departure which

is prosumably better than nothing. Some of the important recommendations are listed below:-

D

2)

3)

D

5)

6)

7

8)

Blasted rock with clean unweathered faces has been observed to offer a better
substrate fcr mortar bonding than rocks with faces that have been weathered or soiled

and is therefore recommended for important work.

Excavating and stockpiling sand from different depths and different locations in rivers

is recommended to achieve better grading.

The addition of a small proportion of hydrated lime, as an admixture, may greatly
reduce bleeding of RMC and enhance several other desirable properties as well.

Simple, straightforward mix proportioning is necessary to avoid errors when

employing an unsophisticated labour-force.

Specifying a minimum volume fraction of rock (to ensure particle contiguity) and strict

adherence to proper curing will help to prevent post-hydration cracking.

The faces of construction joints must be designed and adequately prepared to prevent
shear sliding failures.

Steel anchors, dowels and reinforcing bars should be surrounded by conventional
concrete rather than RMC to enhance bond to the steel.

Caution should be exercised when specifying the use of South African dolerites as
these materials have the potential to precipitate internal bond failure due to their
combined high stiffness and thermal stability, coupled with their poor bending

characteristics if weathered.
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2)

3)

4)

5)

9.2

Arch bridge design and construction guidelines

The feasibility of a RMC structure may depend “pon its situation. Ideally, a bedrock
foundation and a straight section of stream with moderately inclined banks is required.

The positioning and geometry of the structure must be designed to minimise
abstruction to the flow of water and debris.

Measurements of insitu live-load-induced strain have confirmed theoretically predicted
low stresses in existing RMC arch bridge structures. The critical case in RMC arch
bridge structure design appears < be governed not by material strength, but by the
maintenance of equilibrium, Once the problem of equilibrium is satisfied, compressive

stresses automatically tend to remain within acceptable levels.

Of shapes considered to date, the parabolic aperture was found to be optimal in
limiting tensile stresses under the application of wheel-loading. A finite element
analysis has shown that tension cracks may serve a useful role in alleviating tensile

stresses in a typical RMC arch bridge subjected to wheel-loading.

The thick sections, typical of RMC structures, are sufficiently tolerant of the sort of

geometrical inaccuracies expected from an unsophisticated vrork-force.

These structures may be designed without tension reinforcement.

THE NEED FOR AN IMPRGVED DESIGN PHILOSOPHY

An acceptable proposal for a RMC st. scture needs to satisfy more than structural competence

and economic feasibility. It has to be socially, politically and ecologically acceptable and it has

to be conceived to be assembled by human hands. A number of decisions that the designer

makes will impact on factors other than just the structure. For example:-

1

The period chosen to build the structure will determine the risk of flooding of the
works, the final placement temperature of RMC and the level of heat-stress placed on
the labour-force. The dry winter months {over most of southem Africa) offer the most

favourable conditions in terms of these factors.



2) The specification of a maximum and minimum boulder inass will not only limit

internal stresses in RMC but it will impact upon the productivity of the labour-force.

3) The sources of materials and the way in which they are stockpiled and managed will
affect the quality of the RMC and the effectiveness of the labourers.

9.3 THE FUTURE SCOPE AND POTENTIAL OF RMC TO SERVE MANKIND

Atthough RMC appears increasingly attractive as an employment-creating technology, capable
of delivering sound infrastructure, not every project lends itself to the construction of a RMC
structure. To be optimally competitive, RMC structures require a foundation of bedrock, a
local abundance of boulders and river-sand as raw materials and an underemployed local
community. RMC may therefore not offer the best solution to every need and to use it
inappropriately might considerably damage its reputation. For example, in 1997, the author
was assigned to design a series of wide RMC arch crossings with low apertures to be founded
on granular riverbed material. The estimated cost of these RMC crossings was several times

greater than that of conventional pipe culverts.

de Beer®"*? has been innovative in integrating rigid RMC with more pliable’ construction
materials such as earth-fill and rock-fill. The advent of these ‘composite structures’ has
increased the range of structural applications for RMC in otherwise inappropriate locations and

nas facilitated projects which would otherwise not have been viable.

Load-induced stresses, in arch dams built to date, have tended to be low as a consequence of
the requirement of a minimum wall thickness to safely accommodate workers and the passage
of materials by wheelbarrows within the confines of the two external masonry leaves which
contain the inner hearting. The Zimbabweans®® consider a minimum wall thickness of
800 mm: to be the absolute limit. Where future structures may experience higher stresses, it
is suggested that the aelotropic properties of RMC be exploited to engineering advantage by
a simple change to the existing method of placing elongated flat boulders. In arch bridges,
elongated boulders should be placed radially about the intrados (as illustrated in Figure 8.1).
In dams, the maximum dimension of the boulders should be orientated from upstream to

downstream.
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There is probably a practical limit to the maximum size of future RMC structures. The choice
of construction technique may ultimately be governed by the speed at which the structure can
bebuilt. For example, it may be critical that a structure is completed during one dry season.
The sp>2d at which RMC can be placed is limited by the maximum number of labourers that
can be accommodated at the workface. Beyond a threshold, additional workers impede the
existing praductivity and the problem of transporting materials to the centre of the structure
becomes critical. Figure 9.1 shows a high density of labourers during the building of the
thrust-black of Maritsane Dam which, in the author’s opinion, borders this threshold. (A
greater density of labourers would probably have impeded progress). A further factor which
may limit the maximum size of monolithic RMC structures may be the evolution of thermally

induced stresses upon a temperature drop below that of placement.

Fig 9.1 Congestion of fabourers during the building of the thrust block of Maritsane Dam.

94 REQUIREMENTS FOR ONGOING RESEARCH

The following recommendations for ongoing research are intended to:- 1) Enhance our
understanding of factors which govern the mechanical properties and physical behaviour of
RMC. 2) Verify untested hypotheses. 3) Substantiate and improve upon the

recommendations arising from this research.
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2)

3)

9.5

A more extensive large-scale specimen testing program is needed to explore ways of
improving the mortar bond to weathered rock surfaces. T' relationship between
mortar matrix strength and RMC composite strength alse warrants investigation to
validate the hypothesis that a threshold exists beyond which negligible gains in
composite strength are achievable as the strength of the mortar matrix is further

increased.

Although the hypothesis presented in Chapter 5 provides a possible explanation for the
absence of post-hydration tensile cracks in large monolithic RMC structures built to
date, it is not yet possible to predict whether even larger structures, or structures
exposed to more extreme temperature drops, may be susceptible to post-hydration
cracking. Further research to quantify the absolute range of coefficients of thermal
expansion of RMC, to be expected in practice, is needed to address this question.
Moreover, the question of the use of jeints to relieve thermal stresses in large RMC

structures, such as dams may warrant investigation.
The material specifications and design and construction guidelines proposed in this

thesis need to be tested, debated and substantiated by practitioners before they can be

collated into comprehensive codes of practice which engineers can confidently use.

FINAL WORD

We do not understand the mechanical behaviour and properties of RMC as well as we

understand those of conventional concrete, and we probably never will, due to the difficulties

in testing it and the limited interest expressed by those who are able to fund its research.

However, RMC could become a strategic matenial on our planet since indications are that

throughout the First-World and Third-World, unemployment and poverty will increase in the

foreseeable future. RMC is the type of construction material with which we could build some

essential physical infrastructure and contribute to alleviating these two problems.
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Appendix 2: Statistical data on road network in Johannesburg

Year Totaf Tarred ® tarred
(miles) {miles)
1920 699,63 190,98 27,3
1921 696,23 197,73 284
1922 701,41 197,73 28,2
1923 707,56 197,73 279
1924 709,27 197,73 279
1925 711,25 228,64 321
1926 71331 228,64 32,0
1927 712,14 242,50 340
1928 72,41 270,89 376
1929 722,23 292,55 40,5
1930 728,13 313,77 431
1931-32 na na na
1933 759,68 383,09 50,4
1934 759,78 399,69 52,5
1935 762,92 120,22 55,1
1936 780,36 +1,65 56,6
1937 781,99 46745 59.8
1938 804,31 503,07 62,5
1939 845,12 551,19 63,2
1940 848,83 582,08 68,6
Increase 1920 to 1940
[ 1w ] 391,1 | ]

% increase

I T

205 | i

Note: These data relate to the area within the municipal area only. Some duevelopment oceurred
outside designated townships, but within the boundary of the municipality.
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Structural aspects of
labour-intensively
constructed, uncut
stone masonry arch
bridges

Synapsis

Alabour-intensive technique for constructing arch bridges using uncut stones
and mortar was recently used very effectively. However, at present little is known
about the strength and behaviour of the material or the structural form. This
paper considers other work that has been done to define the information re-
quired to quantify the structural performance. A pilot study is described, in
which large size cube tests were used to the pressive h of
the stone-mortar matrix, This ind’cated that the composite sirength is lower than
the mortar strength, and also that the orientation of the stones is important. A
method of measuring the lire-load induced stresses in these structures is de-
scribed and the measured stresses are discussed. Finally, an outline is sketched
of further research being undertaken.

Samevatting

Onlangs is ‘n brugt gnick wat k op arbeidsi e gebruik
van ruwe klip en mortel om boogbrite op te rig, suksesvol toegepas. Daar is
egter te min inligting oor die sterkte of gedrag van 6f die materiaal 6f die ontwerp
buskikbaar. Hierdie referaat ondersoek wat reeds gedoen is om die vereiste
inligting te defineer wat betrekking sou hé op die strukturele gedrag vanso 'n
brug. ‘n Voorlopige studie waarin groot betonblokke gebruik is om die
druksteskte van ‘n klip/mortel-matriks te bepaal, word beskryf. Hieruit word
afgelei dat die saamgestelde sterkte laer is as dié van dic mortel en dat die
oriéntasie van die klip belangrik is. ‘n Tegniek waardeur die stres, agv
toegevoegde las, gemeet kan word, word beskryf en die gemete stres word
bespreek. Verder word toek navorsing in hierdie verband beskryf.

Authors® resumes appear on previous page.
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Historical background

Many impoverished rural communities throughout Southern Africa
experience periods of isolation when floods wash away parts of their
road infrastructure, or just make road use impossible during the rainy
seasons {Grobler et al, 1995).

In 1992 the former Lebowa Government’s Roads and Bridges Depart-
ment called for tenders for the installation of bridges consisting of struc-
tural corrugated steel sheet void formers, as well as simply supported
concrete deck structures, as part of its road management system. The
meihod of construction using steel void formers was not particularly
labour-intensive, as the linings were placed in position by crane and then
back-filled by earth moving machinery. After awarding the contract, the
need to use more labour and a supply shortage of these linings, caused
by a strike in the steel industry, prompted the engineers te explore alter-
native construction technigques in order to avoid delaying the project. An
inno ative labour-intensiv~ technique using uncut stone masonry was
proposed and successfully implemented (Grobler et al, 1995; Engineer-
ing News, 1993).

Considering the broad guidelines of the Reconstruction and Develop-
ment Programme (RDP, 1994) and the National Public Works Programme
(NTWP, 1994), these structures offer significant benefits, which include
the following:

1. Most of the money spent on each bridge (more than 60 per cent)
(Grobler, 1995} is invested in the local community through wages,
hiring of local subcontractors and local purchasing of material. In
addition, a cost saving can be achieved (Engineering News, 1993).

2, At present several more of these structures are under construction,
providing jobs for hundreds of local people who would otherwise be
unemployed and destitute.

3. This building technique minimizes energy input by using abundant
local material and is therefore likely to be sustainable.

4. Although skilled professional advice is required, there is limited de-
pendence on externally sourced materials and labour skills, thus em-
powering developing communities fo provide their own requirements
for transportation infrastructure.

ol

The design philosophy of a rigid mass structure aims to achieve very
low stress levels, thereby increasing the structural tolerance to geo-
metric and material variations, so as to accommodate local skills,

An extensive literature search and a great deal of questioning of rel-
evant authorities seems to indicate that this bridge building method has
a close relative in stone arch causeways that were built in Rhodesia dur-
ing the war years, 1973 to 1980. The design considerations and methods
of constructing the Rhodesian arch causeways have been reported by
Mainwaring, and Petzer (1988), Mainwaring and Hasluck (1985) and
Wooton and Stephens (1987). These structures were also built manualty
with uncut, hand-picked stone and mortar, but with three principle dif-
ferences worthy of menlion: (a) the maximum spans of their bridges were
significantly smaller, not exceeding 2 m to 3 m; (b) the structures con-
tained no reinforcing steel; and (c) where elevated approach structures
were necessary, these were built of masonry with many openingscoasto
minimize disturbance to the flow of water.

A significant hurdle to the more general use of these bridges is the fact
that little is currently known of the strength of the material or of the spe-
cific structural behaviour. It is the purpose of this paper, and the work
described in it, to study these aspects of this type of bridge structure.

Factors influencing the structural design
Before embarking on a careful study of the structural behaviour and
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material properties .. stone masonry bridges, it is first necessary to as-
sess the various factors that will influence the structural design. The load-
ing on the bridges will be determined primarily by the traffic conditions
and side pressures from flood waters, with possible foundation settle-
ment as an additional consideration. The size and layout of foundations
must be considered. The major influence on material strength will result
from the construction methods employed. These are all considered with
reference to previously published work.

Flooding and foundation conditions

Since many of the lessons learned by the Rhodesians (Mainwaring and
Petzer, 1988; Mainwaring and Hasluck, 1985; Wooton and Stephens, 1957)
were broughtabout by destruction of their initial attempts during floods,
and since many of theirsucce .l causeways are still standing today, it
is worth quoting their practica: recommendations:

1. Ideally, submersible structures should be founded on bedrock. Found-
ing them on unstable silty material is dangerous, owing to the ten-
dency for river bed material to become liquid up to a depth in excess
ui' 2 m (Mainwaring and Hasluck, 1985).

2. The construction of inclined buttresses on the upstream side of each
pier was found to be effective in deflecting floating debris over the
top of the bridge deck, thereby preventing the waterway in the struc-
ture from becoming blocked (Mainwaring and Hasluck, 1985; Wooton
and Stephens, 1987].

3. Approaches should be made either in solid masonry, which must be
founded on rock, or on 2 m deep raft foundations, or alternatively
may be made in cut. Fill approach embankments should never be
permitted or they may be washed out by the first major flood
{Mainwaring and Hasluck, 1983; Wooton ar-* ©* ~phens, 1987).

4. Avoid using a skew crossing, since this teruds to <hennel the full force
of the river towards one of the river banks, anc “he chance of this
approach being washed away is considerably increased. Rivers have
been known to tut a ¢ mpletely new channel around a bridge struc-
ture, and reinalu permanently realigned, necessitating the construc-
tion of a new bridge (Mainwaring and Hasluck, 1985).

Often it is not possible, or indeed economic, to found structures on
bedrock, and if liquefaction of the river bed can be prevented by the con-
struction of a stone floor interconnected with upstream and downstream
cut-off walls, then there may be justification for the use of bases above
bedrock level. The current structures are thus founded on bedrock where
possible, but in the absence of bedrock, bases are built under each pier
from stone and mortar. These are arranged in such a way as to minimize
the danger of undermining by the scouring action of the water during
floods, and also to provide the required bearing area, so as not to exceed
the bearing strength of the river bed, as is shown in Fig 1.

To guard against scouring of the foundations, where these structures
are not founded on rock, a grouted stone floor is 1oid on top of the river
bed from one abutment to the other, terminating at cut-off walls on the
leading and trailing edges. The upstream cut-off wall built along the lead-
ing edge is at least 500 mmn deep, while the downstream cut-off wall
should be built to a depth below which liquefaction of the river bed ma-
terialis deemed uniikely.

The structures are preferably built during the dry months when most
of the rivers contain little or no water. This reduces the risk of flooding

CROSS SECTION

Fig1: A cross-section of a typical stone arch bridge. The abutmant on
the right-hand side is founded on a base because suitable bed-
rock could not be found.
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during construction and also permits excavation in the rivecbeds, which
is executed by hand.

Flooding of this type of bridge will cause significant lateral loads on
the stiucture, as demonstrated for example by the collapse of an arch
bridge after very heavy local rain reported by Konishi(1987). The lateral
thrust on the bridge from flood waters must thus also be considered as
an important structural loading condition. TMH7(1481) gives specific
guidance regarding load factors and combinations of this load with other
toads. Flood loading is defined as a transient toad so that it must be con-
sidered in combination with self weight, but not with heavy traffic loads.
Information about the actual values of flood water pressures must be
sought from other sources, such as Konishi (1987), or from an assessment
of the water depth such as that given by the Department of Transport
guidelines (CSIR, 1993a).

The construction method used

Grobler (Grobler et al, 1995; Grobler, 1994) has described the bridge
construction, but some of the main procedures are summarized here for
completeness. Once the forrnd - ‘ions are in place, sheets of corrugated
iron are pre-cranked to thew . ; 2 of the intrados and positioned over the
foundations to pravide temporary supporct to the arch span. In the case of
large radii, these sheets are propped with gum poles to help bear the
weight of the masonry until it becomes self-supporting. In some areas,
alternative centring using low grade timber or 50 mm saplings supported
by temparary masonry supports has been successfully utilised. Such
centring costs only 25 per cent of the corrugated iron alternative, and all
the money is spent locally, but a much rougher finish results, which may
not always be acceptable.

Materials used:Workers contracted by local truck owners gather stones
(typically weathered dalerite, decomposed granites and quaiz vein, ata
rale of at least 1 m*/labourer/day) in the fields nearby and load them
onto trucks. Payment to the contractor takes place after measurement of
the volume of rock delivered. The truck owner in turn pays his stone
collectors.

Sand from the river bed nearby is used to make a cement mortar. Ce-
ment is bought from local dealers whoare prepared to deliver small quan-
tities, thus reducing storage and theft problems on site. In the dry season,
waler is transported in 200 ¢ drums, also by subcontractors. The
cement:sand ratio varies from 1:4 for most of the construction to 1:3 for
the outer faces exposed to flood scour action. The 1:4 mix js achieved by
combining one pocket of cement with 2,5 wheelbarrows of sand, and the
1:3 mix uses one pocket of cement to'1,8 wheelbarrows of sand,

The mortar is hand mixed by the workers. The mix is prepared in such
away as toachieve a consistency that js just fluid enough to fill the inter-
stices between the underlying stones. This minimum quantity of water
does, however, appear to lead to the water content being slightly higher
than that which would achieve optimum strength. The only materials
imported from afar are reinforciny steel and some corrugated iron, which
constitute approximately five per cent of the total cost of the completed
structure.

Construction procedure: The manual assembly of the bridge begins by
placing individual stones upon 3 thick bed of mortar. The stones are not
cut, dressed or cleaned in any way whatsoever, but any stones with ad-
hering soil are rejected. They are simply placed dry on the bed of mortar.
Stones that are flat, or long and slender, tend to be placed horizontally
rather than vertically, because gravity makes this practice more conve-
nient. Some effort is made to place the stones in such a way as to mini-
mize the size of interstices between them, but at a rough estimate 30 per
cent of the volume of the structure is made up of mortar.

This procedure is followed, horizontal Jayer upon horizontal layer, untit
a solid structure results. The exposed masonry work on the sides of the
bridge is built and cleaned very carefully at a rate that started at about
0,2 m"/labourer/day. but quickly increased to 0,3 m*/labourer/day,
while the inner fill masonry, which is not visible, is built at a faster rate,
which started at about 0,3 m*to 0,5 m*/labourer/day, but increased to
0,6 m*/ labourer/day.

As each layer hardens il becomes somewhat self-supporting, so that at
no time does the formwork support the entire volume above. This is evi-
denced by the photograph of a bridge under construction in Fig 2. It is
not deemed necessary or economical to cure this masonry, as only a pro-
portion of groutarea is exposed to evaporation for a short duration (until
the next layer is placed, which is usually overnight and which seldom
exceeds 65 hours over weekends),



Fig2: The layers arising from construction of the bridge are clearly
visible in this photograph

Asa precaution, a grid of high tensile reinforcing steel has been placed
horizontally in both directions, 100 mm above the crown of the arch in
the initial structures, This steel is placed in a thick bed of cement mortar,
of a 1:3 cementsand mi, without any coarse aggregate whatsoever.
Another bed of mortar (or preferably concrete) is used to even out the
deck of the bridge to form a trafficable surface.

Where approach embankments are necessary, these are made with hand
compacled (or preferably mechanically compacted) earth £ill and pro-
tected from erosion by a grouted stone picching.

Traffic loading
An assessment of appropriate standards for rural roads (CSIR, 1993a)
has considered the traffic that is likely to use the rural roads for which
these stone masonry bridges are used. The recommendation is made that
NA and NB24 vehicle loads, as defined by TMH7(1981), should be used.
maximum vertical loads that the bridges are required to withstand
++ Tus 16 wheel toads of kN each, consisting of four axles in two
pairs. Each pairofaxles is separated by 2 m, and each axe has four wheels
spaced 1 m apart across the bridge.

Requirements forimproved knowledge

Knowledge required

The geometric layout of these structures is designed in accordance with
Department of Transport guidelines (CSIR, 1993a, 1993b), but owing to
the present limited knowledge of the material characteristics and inter-
nal stresses, the structural design is done using simplifying assumptions
for analysis and empirical material strength data. In the structural analy-
sis of the bridges that have been constructed in the Northern Province,
the consulting engineers modelled the bridges as equivalent frames
(Pienaar, 1994) and the design philosophy aimed at achieving a high fac-
tor of rafety by placing an upper limit of 1,0 MPa on internal stresses. The
material used in these stricPures differs from traditional stone masonry
wrch bridges in that the stone used is not dressed in any way whatsoever,
ovutis placed randomly in a mortar matrix. There is no published infor-
watien regarding the strength and behaviour of this type of stone and
mortar matrix.

If the potential of these bridges is to be further exploited, itis vital that
knusledge of the stone/ mortar constructiun material should be enhanced.
Four specific areas have been idc.itified:

1. Determination of the strength of the materia) as well as gaining an
understanding of its behaviour under load, This is necessary so as to
make recommendations vegarding the most appropriate stone type,
shapeand size, as well as the optimum orientation of individual stones
in critical regions.

=]

Exploring alternative shapes of arch openings so as to increase the
possible spans and load carrying capacities while reducing the mate-
rial content and hence cost. Consideration of tolerances to geometric
inaccuracies, such as the exact arch shape and road level, and the ef-
fect of formwurk deformation will be impartant for defining labour
skills and construction procedures required.

3. Thesnalysis of stresses in eritical regions of different arch shapes will
it the specification of material strengtls and any reinforcing steel
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that may be require-. The strength implications of any cracking that
may occur are also important.

4. Definition of a design pracedure and construction guidelines thatare
consistent with the goal of job creation and cast minimization.

Pilot research study

A pilot study has been completed, in which the in situ stresses and
deflections were measured in a bridge and large cubes of the stone ma-
sonry material were tested.

Insite measurements:In order ta gain an initial understanding of the mag-
nitude and nature of the stresses and strains within the arch structure,
two calibrated stress measuring devices (hereafler referred to as stress
cells} were builtinto an arch bridge during its coustruction. These stress
cells were made by fixing electronic strain gauges onio concrele prisms
in such a way as to preclude the influences of temperature fluctuations
and induced bending strains. The first stress cell was placed horizontally
as close as possible to the intrados at mid-span and the second stress cell
was placed halfway bebween. the first stress cell and the foundation, in-
clined at 43  {see Fig 3). Both stress cells were placed parallel to the lon-
gitudinal eentreline of the bridge, which was the anticipated line of thrust
of the arch,

STRESS-CELLB

CROSS SECTION

Fig3: A cross-section of the stone arch bridge used in the pilot study
showing the position of the recording devices

At a stage when the bridge became trafficadle, a lorty loaded viith a
payload of rock was driven over the structure so that the stresses in each
stress cell at various axle positions could be recorded (see Fig 4). The axle
load applied to the structure was measured with *he aid of a portable
weightridge, capable of weighing one wheel at atime, Atanaxle load of
100 kN (ie 5 t under cach whuel), the stresses induced by live loads (ex-
cluding self-weight stress) recorded by the stress cells was less than 0,1
MPa. Fig 5 shows the stresses induced by tive load and the correspond-
ing axle positions. It was observed that it was of littie consequence
whether one of the wheels was directly over a stress cell, or whether the
centre of the axle was directly over a stress cell. These measurements of
live load behaviour are currently being used to check the validity of a
finite element analysis computer simulation, shich will be used to com-
pute more complex load conditions and to analyse different geometrical
arch shapes.

Unifortunately, with the very low stresées occurring, it was not pos-

AT )
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Figd: Live load induced strain test
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TOG N AXLE LOAD

0.5m FROM  MIDSPAN
INDUCED A MAXIMIUM 100 KN AXLE LOAD
COMPRESSIVE STRESS OF EXACTLY AT MIDSPAN

68 KPalNSTRESS-CELLA INDUCED A MAXIMIUM
TENSILE STRESS OF
74 KPaINSTRESS-CELLB

CROSS SECTION

Fig5: Revorded induced stresses in a 2,7 m radius arch with corre-
sponding axle positions

sible to obtain meaningful measurements of the stresses due to self-weight.
The preliminary finite element resulls indicate a self-weight stress of 0,6
MPa. Once the finite element model has been fully calibrated to the live
luad measurements, it will be possible ko confirm this level of stress.

Deflections of the arch were measured with a highly sensitive plunger
type dial gauge mounted mid-span against the crown of the intrados upon
a tripod, The 100 kN axle load resulted in a deflection of 0,040 mm, which
indicates the very siff nature of these structures.

AMaterialstrength:The strength of the stone-mortar matriy used as build-
ing riaterial is difficult to predict theoretically and it is also difficult to
measure, since SABS 863 (1976) makes no proyision for inclusion of ag-
gregates larger than 75 mm. Numwerous autharities (Walker and Bloem,
1960; Walker at a), 1939; Higginson, 1963) have reported the general trend
that for a given cementiwacer ratio, compressive strength decreases as
the maximum size of coarse aggregate is increased. However, no numeri-
cal information is available to deduce the quantitative elfect of this phe-
nomenon for the particular building material under consideration.

In order to establish, as closely ag possible, the strength of this niaterial
above the crown of the arch, some very large cubes were fabricated on
site using the same materials and the same labour force as were used to
build the bridge structure, A total of three of these cubes, of sizes 300
mm, 400 sm and 500 mm, were cast to represent typical crown thick-
nesses. No cubes were made larger than 500 mm because their size and
weight would have prectuded handling, transportation and crushing with
the available resources. Cube moulds were made from block-board and
oiled with linseed oil. After standing in the open for 48 hours, the large
cubes were transported to the University of the Witwatersrand in their
moulds. In addition, threc atandara cubes 100 mm in size were made of
the 1:4 mortar. For these tests, the cubes were cured in a water bath for 28
days, and the measured strengths were 15,73 MPa, 14,85 MPa and 14,21
MPa. This indicated that the strength of the typical mortar used aver-
aged 14,9, MPa. An analysis of the proportions of sand and cementina
sample of the mortar showed approxima .y 1 part cement to 6,4 parts
sand,

The large stone masonry cubes were crushed on a 5U0 t Amsler pross,
housed in the Mechanical Engine.ring Laboratory at the University of
the Witwatersrand, Load was applied perpendicular to the plane of cast-
ing, s0 as lo simulate the compressive stresses genereted horizontally
over the crown of the arch.

The large cube data and test results are reported in the accompanying
table. All three cubes failed at a stress below the mortar strength, witha

Results of compressive tests on stone-mottar cubes

i—('. b sin Vians Density Failure load Failurestress
(mm) (hy) thy/nr'} (AN Ay
3 il 2222 1260 1o
400 14 2328 1437 9.0
300 - - 24t RXi
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wide scatter of results. The larger two cubes failed at a fow stress of less
than two thirds of the mortar strength. Failure of the specimens appeared
to be initiated by bond failure at the mortar stone interface, which re-
sulted in a wedging or cleaving action by the long slender stones that lay
parallel to the axis of applied load (see Fig 6). This orientation of the
stones (with their longest axes parallel to the compressive thrust) was
deliberately chosen, since it closely approximates the stressed condition
above the crown of the arch where the compressive thrust forces act hori-
zontally, in line with the longitudinal axes of the stones which are cur-
rently piaced horizontally.

Continuationof research

This pilot study has established a practical procedure for obtaining
material strength and measuring internat stresses in these structures, but
was very limited in the number ot tests conducted. A continuing research
programme is envisaged, in wh. turther similar tests and a more de-
tailed investigation of other structural factors will be included. The main
immediate aims are as follows:

1. A much more comprehensive testing programeme on large cubes. At
present a further 15 cubes, 500 mm in size, are in preparation, to ex-
plore the orientation of stones and the effects of stene size, and "o
gain a better understanding of the fikely variability of the materiol
strength,

[E]

Further in situ tests are planned, to improve our database of informa-
tion on the actual field behaviour of full size bridges.,

3. The finile element modelling will be continued to study a range of
different arch shapes, larger spans and the elfects of imperfections
and cracks that might develop.

Aninteresting paratlel study is to investigate other structures for swhich
this uncut stone masonry material has applications, For example, Shuw
(1994} discusses its use in the construction of dams.

Fig 6 Large-scale compression test on a 500 mm stone mortar cu’se

Conclusion

This labour-intensive method of bridge construction enhances the goals
of the National Public Works Programme and in particular the Recon-
struction and Development Programme more than any existing small
bridge construction technique,

Results of a limit- d pilot study to measure stresses and strains in a
completed structure and determine the strength of the stone-mortar ma-
terial indicate good potential for profitable research, The groundwork,
for investigating different geometrical arch shapes so as to increase the
possible spans and toad carrying capacities while reducing the material
content and hence cost, is well under way., A need for Further research
into the material properties, including strength sensitivity as a result of
substituting different gealogical materials, has also been established.

Provided the bridge location is in close proximity to a source of suit-
able stone, there are thousands of communities thre »ghout Southern
Alfrica that could benefit from the building of these st. uctures,
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Discussion on papers

Written discussion on the techndcal papers in this issue will be
accepted until 31 October 1995, This, together with authors® re-
plies, will be published in the First Quarter 1996 (March) issue of
the Journal of the South African Instinstion of Civil Engineers, or the
issue thereafter, For the convenience of overseas contributors only,
the closing date for discussion will ke extended to 30 November
1995. Discussion niust be sent to the Directorate of SAICE.

Such written discussion must be submitted in duplicate, should
be in the first person present tense and shouid be typed double
spaciag. It should be as short as possible and should not normally
exceed 600 words in length. It should also conform to the require-
ments laid down in the ‘Notes on the preparation of papers’ as
published on the inside back cover of this issue of the Journal.

Whenever reference is made to the above papers this publica-
tion should be referred to as the Journal of the South African Instin-
tion of Civil Engineers tnd the volume and date given thus: J §A
Inst Civ Eng, Yol 37, No 3, Third Quarter 1995,

SAICE Journal/SAISI-joernaal
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DiISCUSSION

Structural aspects of
labour-intensively
constructed, uncut
stone masonry arch
bridges

The original paper is by R G D Rankine, G J
Krige, D Teshome and L J Grobler

A labour-intensive technique for constructing arch
bridges using unicut stones and mortar was recently used
very effectively. However, at present little is known
about the strength and behaviour of the material or the
structural form. This paper considered other work that
had been done to define the information required to
quantify the structural performance. A pilot study was
described, in which large size cube tests were used to
measure the compressive strength of the stone-mortar
matrix. This indicated that the composite strength is
lower than the mortar strength, and also that the orien-
tation of the stones is important. A method of measur-
ing the live-load induced stresses in these structures was
dle scribed and the measured stresses were discussed.
Finally, an outline was sketched of further research be-
ing undertaken.

This technical paper was originally published in fournal 37 {3), 1995.

Rod Rankine is a lecturer in the Department of Building al the University of
the Witwatersrand.

Geoff Krige is an associate professor in the Department of Civil and Envi-
ronmental Enginecring at the University of the Witwatersrand.

Dellelegne Tushome i1 senior lecturer at the University of Durban-Westville.

Louis Groblur is with #.frican Consulting Engineers in Pictersbury.
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Ian Glauber

1 read this paper with great interest and applaud the efforts being made
in this direction.

Below a certain size of coarse aggregate in the mix, the criterion for
failure, other things being equal, is the strength of the mortar, determined
in simplified terms by the cement/water ratio.

However, when the size of coarse aggregate is as described, the limit of
strength, other things being equal, will be determined by the bond strength
of the components.

By virtue of:

1. The cost of cement -
2. The presumed lack of abundance of water, and
3. The absence of a need for workability

there is the probability that the minimum possible quantity of water will
be used ir the mix. When the dry stones are placed on the bed of mortar,
there is the inevitable absorption of moisture from the mortar into what-
ever porosity exists in the stone. The mortar immediately contiguous with
the surface of stone could thus be dehydrated and the cement at this in-
terface could readily be under-hydrated for the development of the opti-
mumstrength in bond that is the determinant of the strength of the struc-
ture.

Isuggest, therefore, that consideration should be given to requiting the
procedure to include the submerging of each stone in water immediately
prior ta it being placed on the mortar bed. This would prevent the water
that has been provided for the hydration of the cement being drawn out
to fill any pores and cracks in the stone.

Parallel tests on 500 mm cubes using this procedure compared with
the s*ones placed dry could show interesting results.

Authiors’ reply

In response to Mr Glouber’s cormunent on the parameters governing the
strength of rubble masonry, we agree that mortar strength and bond
strength are both very significant factors contributing to the overall
strength of the composite. However, it must be stressed that the ‘chain is
as strong as its weakest link’ philosophy does not apply here and there-
fore ultimate failure js unlikely to be governed by the mortar strength or
the bond strength alone.

Stanes with large flat faces oriented perpendicular to the axis of ap-
plied load appear to provide bilateral constraint to the dilating matrix
and therefore contribute strength, whereas stones placed with their long-
est axis parailel to the axis of applied load tended to cleave the matrix.
Where stones come into intimate contact with one another (as is typical
in rubble masonry}, extremely high local stresses develop at the stone-to-
stone interface and often result in premature failure at very small aver-
age stresses. It is interesting to note that this phenomenon has been well
recognized for centuries. Ken Follet in his novel Pillars of te carth (a me-
ticulous account of the construction of medieval stone cathedrals) explains
the necessity of providing a bed of mortar between stones in order to
prevent these high stone-to-stone contact stresses from developing and
possibly fracturing a stone. Ultimalely, it is our intention to write a com-
prehensive technical paper dealing speaifically with the parameters that
govern strength of rubble masonry. In the mean time we recommend the
following references from rock mechanics sources for immediate expla-
nations of the mechanics governing similar composites with stiff inclu-
sionst
1. Cook, N G W. 1995. Why rock mechanics? Meuller Lecture, Proc, 8th

International Congress on Rock Mechanics, Tokyo, Japan, 25-29 Sept
1995.

2. Lindquist, E S, and Goodmuan, R E. 1994, Strength and deformation
propecties of a physical model melange. Proc, 1st North American Rock
Mechanics Symposium, The University of Texas at Austin, 1-3 June
1994, pp 843-850.

Continned on page 26
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Conclusion

Type 3CRI12 steel shows gradual yielding behaviour with a high pro-
portional limit. The experimental results therefore agree with the theo-
retical predictions proposed by the South African, Canadian and Ameri-
can design specifications. The theoretical predictions, when the SSRC
approach is used, overestimate the strength of Type 3CR12 steel.

Itis concluded that although acceptable prediction of compact column
behaviour may be obtained through the use of the tangent modulus for-
mula, the equations used by the American (AISC, 1986), Canadian (CSA,
nd) and South African (SABS, 1993b) hot-rolled design specifications
should be investigated further. Research by Van der Merwe (1987) and
Van den Berg (1988) concluded that the tangent modulus approach should
be used to predict the strength of stainless steel and Type 3CR12 steel
structural members.

Discussion continued from
page 22

In response to Mr Glauber’s suggestion of wetting each stone prior to
placement on the bed of mortar, I am in partial agreement but for a differ-
ent reason. His recommendation is valid for masonry units, such as clay
bricks, which have a tremendous prapensity to consume *rge quantities
of water, thereby depleting the thin mortar bed of its wate necessary for
hydration. I would agree fully with this precaution if porous stones (such
as sandstones, shales or very weathered dolerites) were to be used for
rubble masonry. However, to date engineers have tended to avoid such
porous rocks owing to their inferior mechanical properties and have
favoured stranger and less thirsty igneous material.

Wetting stones has another benefit. Any loose dust or other contami-
nanls on the surface of the stones are removed. The larger the aggregate
particles, the lower the surface area to the volume ratio and the greater
the bond stress at the stone/mortar interface. Hence the importance of
cleantiness is proportional to stone size. The Maritsane Dam currently
under construction in Mpumalanga is being built from freshly quarried
granite, The engineer specified that all stockpiles of rock be high-pres-
sure blasted with water, immediately prior to bonding, to ensure cleanli-
nessand good bond. It is interesting to note that on a hot day, these stones
dry completely during the time that they are transported by wheelbar-
row from the wash site to the structure,

26 Second Quarter 1996
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Discussion on papers

Written discussion on the technical papers in this issue of the

Jou

trual will be accepted until 31 July 1996, This, together with the

authors’ replies, will be published in the Fourth Quarter 1996 (De-
cember) issue of the Journal, or the issue thereafter. For the conve-
nience of overseas contributors only, the closing date fer ¢ iscus-
sion will be extended to 31 August 1996. Discussion must’se sent

to

the Directorate of SAICE.
Such written discussion must be submitted in duplicate, 1 hould

be in the first person present tense and should be typed in d Juble

Sp:
ex

acing. [t should be as short as possible and should not norn ally
ceed 600 words in length. It should also conform to the requive-

ments Jaid down in the ‘Notes on the preparation of papers’ a3
published on the inside back cover of this issue of the Journal.

Whenever reference is made to the above papers this publica-

tion should be referred to as the Journal of the South African histitn-

tio
In

i of Civil Engineers and the volume and date given thus: J SA
st Civ Eng, Vol 38, No 2, Second Qnarter 1996.
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TECHNICAL PAPER

R G D Rankine

Development
towards a proposed
compressive strength
test for rubble rock
masonry

Synopsis

Knowledge of the gth and failure ch of rubble rock masonry
has been identifiedasay quisite to the widespread adoption of its use in RDP
projects. Traditional 100 mm and 150 mm cube tests cannot accommodate even the
smallest stones used in this and are therefore not . Lack of

. L4 i yreer
an existing large-scale testing p test.

dure necessi i ion of a refi

Evolutionary research work towards a reference testing procedure for quantifying
the fined conpressive gth of cubble rock masonry is described, A 500
mm specimen cube size was found to be the most realistic compromise between
being representative of this material and manageable, This speclmen sue is pro-
posed foradoption as a reference test for making ingful
series of specimens, Some imp found to i

are identified and practical steps to cunlml them are discussed.

f the st 1

5!

Samevatting
Kennis van die sterkte en faling K is'nvoorvereiste
virdie meeralgemene gebmxk daarvanin HOI’ projekle Die gebruiklike 100-mm-
of 150 kut is te klein, die ruwe aggregaat dikwels van groter
i 3 is en sulke kut dus hie ver digend sou wees nie. Die gebrek
aan 'n zanvaarde tegnich vir die toets van gro!cr het vereis dat sodani
toetse entwikkel moes word om ‘n g discerde verwysing: daar te
stel. Hierdie verh b-.skryfdu: d ke wat gelei het tot 'n tegniek om
die sterkt ppe van groot k tebepaal. Daar word dan aok voorgestel
dat kubusse van 500 mm aanvaar word 2s die standaardgrootte vir die
ing van die ei pe van hierdie tipe beton, Belungrike parametors
wat dle sterkte van sodanige beton beinvloed word ook uitgewys en
voarsargmaatreéls om hulle te beheer geidentifiseer.

Roderick Rankine obtained his BSe
(Bldg) mul MSe (Civ Eng) from the
University of the Witwatersrand (Wits)
in 1988 and 1991 respectively. He
served it the South African Navy in
1990 aud then worked on e oil rig on
the Macgas project in 1991, He fs now
on e aeademic staff at Wits, where he
is engaged in research towards s PID,
which inclides quantitative analysis of
the propertics of rubble masonry for use
in structures to be built with fohour-
intensive methods as a means of employ-
ment creation,
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Introduction

The use of a building material (which is described more comprehen-
sively in Rankine et al, 1995) consisting of uncut stones bound together
with cementitious mortar has aroused a great deal of recent interest as a
migans of enhancing employment cpportunities (Rankine, 1995). This ma-
terial, dubbed bastard concrete (Schuyler, 1888), uncut stone masonry
{Rankine and Krige, 1996), masonry concrete, cyclopean concrete (Shaw,
1994) or rubble rock masonry (De Beer, 1995), has already been success-
fully used for the construction of many smail dams and bridges (De Beer,
1993, 1996; Grobler et al, 1995; Labour-intensive me *-1993; Le Roy,
1996; McAllister, 1996; Rankine and Krige, 1996; Shav. +,1996).

Until now, all design has had to be empirical, for want of reliable data
concerning the strength and failure characteristics of the material, and
engineers have had to limit allowable stresses to very consetvative values
(typically around 1 MPa to 2 MPa). At least one authority (Krige, 1993) has
recognized the importance of defining the material’s strength and me-
chanical properties as being ‘prerequisite to structural engineers widely
adopting this initiative’. Practising engineers who were using rubble ma-
sonry atthe startof this irwvestigation expressed initial curiosity regarding
the material's compressive behaviour as it is usually used in arch struc-
tures where the critical load case is'often compressive,

.Search for an existing standard test

Acomprehensive literature search (SABS Method 863, 1976; Walker and
Bloum, 1960; Higginson, 1963; Compressive tests, 1967; Rajendran, 1965;
Krishna Raju and Basavarajaiah, 1979) was conducted to explore the pos-
sibility of adopting some precedent as a basis for comparisons. Walker and
Bloem (1960) and the United States Bureau of Reclamation (Higginson,
1963) used large-scaie cylinder tests (up to 48 inches [1 200 mm] long by 24
inches {600 mm| in diameter) in an effort to explore the effect of maxi-
mum size of aggregate (up to six inches [150 mm]) upon the compressive
strength of concrete used in dams, such as Hoover Dam. They concluded
that for a given cement:water ratio, strength is inversely proportionate to
maximum aggregate size,

The South African Bureau of Standards {Compressive tests, 1967) used
16 inch {400 mm] concrete cubes in 1967 to evaluate the strength of con-
crete used in the construction of the Naute Dam in Namibia, which con-
tains aggregate of up to four inches [100 mm]. Rajendran (1965) and Krishna
Raju and Basavarajaiah (1979) investigated the effect of cube size (up to
255 mm) upon the compressive strength of concrete and concluded a gen-
eral trend indicating that the cube strength is inversely proportionate to
size and that this phenomenon is more pronounced in higher strengths
(30-40 MPa) of concrete.

Unfortunately, none of these sources gave adequate delails of their test-
ing procedures and the tolerances required to ensure acceptable consis-
tency. Hence, work was undertaken at the University of the Witwatersrand
to develop an appropriate compression test.

Evaluation of the suitability of cylindrical test speciniens
Despite the availability of large-diameter thick-walled polyethylene
pipes as moulds, three factors resulted in rejection of a cylindrical test shape:

1. Anybleedwater, drying shrinkage and projecting stones cause uneven-
ness of the top casting surface, and it is wpon this surface that axial test
load must be applied. If load is applied to such an uneven surface,
very large local stresses develop around the high spots, resulting in
premature failure, The only way to overcomie this problem is either to
grind the faces flat with very sophisicated machinery or to cap the
faces. Both solutions necessitate considerable expertise, skill and ex-
pense.

. Despite the excellent releasing properties of polyolefines, it is very
doubtful that cast specimens could be released from one-piece moulds
without a taper. This means that moulds would either have to be cut
open to refease the specimens (which is expensive as it precludes re-
use) or that moulds would have to be purpose-made in two halves
(which would be very expensive),

3. The avaitability of a constant supply of a tube with a particular diam-

eter in the future cannot be guaranteed.
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Cubic test specimens

Cubicspecimens on the other hand have four flat faces. This allows the
user to select the best of two pairs of faces through which to transfer axial
foad. Provided the mould faces in contact with the platens are plane and
true, they are automatically ready for testing as soon as the specimen is
released from the mould.

Cubic specimens also make optimal use of the square platen area avail-
able on the press, thereby capitalizing on the potential for bigger, more
representative specimens. It was therefere decided that cubic test speci-
mens were more appropriate than cylindrical specimens, What remained
uncertain was their optimum size.

Developsment of an appropriate test for rubble rock masonry
The following limiting parameters were identified as important to the
success and future acceptance of the testing procedure:

1. The costof obtaining test specimens should be as low as possible, so as

not to discourage the generation of new data,

2. The procedure for specimen preparation on site should be simple
enough to be undertaken with minimal supervision by the same un-
skilled labour ferce as is deployed on actual structures.

. The test specimens should be farge enough to be representative of the
composite material, yet light enough to lift manually and transport
safely on a one ton vehicle.

4. The test specimens should be able to be accommodated between the
square platens of a large hydraulic press.

. Theaxially stressed area of the test specimens should be limited by the
maximum load vapacity of the press to guarantee destruction of all
likely material,

%

w

Determination of an optimum specimen size

Initially, cubes of 300 mm, 400 mm and 500 mm were chosen asa means
of explaring different possible sizes (Rankine, 1993; Rankine et ai, 1995).
‘The 300 mm size proved too small to accommodate any but the vry small-
est stones and the 400 mm size permitted one, or at the meat two, of the
larger stones. The need for large aggregate accommodation thus favoured
the lasgest possible cube size. The 500 mm size was subsequentiy adopted
for the following reasons:

1. This size of specimen appears to border on the threshold of what it s

possible to lift manually, Six labourers are able t share the load of ap-

proximately 300 kg, each lifting S0 kg (see Fig 1). Heavier specimens

would undoubtedly require mechanical lifting.

A minimum of three specimens are needed to ensure a representative

statistical average. Three 500 mm rubble masoruy cubes have a com-

bined weight of about 900 kg, which makes optimal use of a typical

light delivery vehicle with a 1 000 kg load capacity.

3. Thecrown of many typical low level rubble masonry arch bridgesis of
the order of 500 mm deep and a 500 mm cube is therefore not unrepre-
sentative in mimicking this load condition.

™

Fabrication of cube shuitering
There is little doubt that machined cast iron is probably the ultimate

L vl
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Fig 1: A 500 mm rubbie masonry cube specimen weighs approximately
300 kg and can be manually lifted by sixlabourers { 2 400 mm and
a 300 cube can be seen on the right)
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material for fabrication of accurate and durable cube moulds, However,
the fabrication costs of a 500 mm cast iron cube mould would most cer-
tainly exceed most budgets and the weight of such an article would defi-
nitely preclude manual lifting of the mould and its contents.

The immediate challenge was to develop a technique to fabricate moulds
of adequate tolerances using available matecials and skills at 2 minimum
of cost.

The idea of using pressed plate steel formwork panels was rejected be-
cause they are not readily available in the desired size and becanse their
surfaces are not flat. Surprisingly, gcod timber boarding was found to be
far flatter and stiffer; probably as a result of its thickness. Twenty millimetre
thick board proved ideal, as the sides can be butt-jointed with wood screws
without additional bracing to form a stiff box. '

Suitable materinls

* The two mostimportant requirements of the material are that the sheets
must be flat (truly planar) and that the glue used for their lamination must
be waterproof. Materials sold as ‘shutter-ply’, ‘shutter-board’ and some
‘block-boards’ have proved adequate, Materials sold as ‘block-board’ may
vaty considerably in quality. If the material can be delaminated by hand
or by exposure to water, it should be re;ected, Waterproof chipboard, un-
less extremely thick, is unsuitable as its bi-directional fibre orientation may
provide insufficient stiffness to resist the bulging of the sides induced by
hydrostatic pressure during casting.

Mould construction

Three 500 mm cube moulds can be made from two boards (2400 mm by
1200 mum by 20 mm), as shown in Fig 2. The boards should be cuton a
table and/or radial arm saw, exercising utmost care to ensure that cuts are
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: I S iy
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screw holes
b & :V » [ ‘f
F spz 3 soe ¥ osoe ¥ ospe 13]4
[ 540 x 500 540 x 560 . 540 x 500 § 540 x 500 J | 8
L - 4 - 40

LA o8 A o+ o

P AT, SN S —

g .t 3 *
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5403540 § 540 x 540 § 540540 § OFFCUT 1 3
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-+ 2400 >

Fig2: Cutting plan of two boards (2400 mm by 1 200 mm by 20 mm) for
fabrication of three 500 mm cube moulds

straight, parallel and perpendicular, Consideration shonld be given to the
direction of the principal grain to derive its maximum stiffness along the
exposed edge of the top of the mould. By exercising a reasonable degree of
care and correct shop procedures, a tolerance within =1 mm can be con-
sistently achieved. The mast critical tolerance is the flatness of the two
mould faces that form the sides of the cube that will be in contact with the
press platens.

Procedure fo * casting

e All surfaces of the moulds should be coated with an wndercoat of saw
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tinseed oil and the inside faces coated syith an additional top cvat ot
shutter oil retease agent.

«  The moulds must be placed on top of a 50 mm to 100 mm blinding
layer of loose sand to minimize distortion as a result of being supported
by uneven ground.

= Moulds mustbe filled with material by the same fabour-force employed
to build actual structures, using exactly the same method of placing.

* Stones must not be allowed to project more than 20 mm bevond the
top of the mould.

* Once filled with material, the moulds must be covered with plastic
sheeting to prevent loss of moisture.

*  After 72 houts, the cubes may be carefully moved and transported.
provided they remain in their moulds and are covered with plastic
sheets.,

Description of an appropriate test facility

The requirements of a suitable press are well documented (BS 881, 1936
BS 1881, 1983; Dewar et al, 1971; Foote, sa; Sigvaldason, 1964; Colg, 19675
Newman and Sigvaldason, 1965) and should be thoroughly understood
by anyene undertaking compression tests and interpreting such data,

The smallest suitable press should have a capacity of no less than 500t,
as all of this force is required for crushing specimens with a maximuni
strength of 20 MPa. To date, all the material tested (typical of that used in
rubble masonry projects) has yielded at significantly Jess than 20 MPa,

A four-column press is preferable to a two-column machine (see Fig 3t
since itis stiffer as the columns do not bend if one side of the cube yields
before the other. [t is conceivable that at near maximum load such bend-
ing might even plastically deform the columns of a two-column press if
the specinien reaction is not symmetrical about the vertical axis.

One platen must be batl-seated and able to rotate in two dimensions.
This arrangement facilitates a degree of tolerance to geometric inaccura-
cies in the cast specitiens, particularly to opposite faces not being per-
factly parallel, Unlike the ball-seating in most conventional small concrete
cube presses {(which typically facilitate early movementof tne top platens,
larger presses often have their ball-seating on their lower platens and rig-
idly fixed top platens {s2e Fig 4), This makes little difference other than
slight aswkswardness in loading.

A niechanical coupling (a standard part of the rig employed) from the
Tower platen to a drum plotter via a length of trace fishline was used to
record deflections {see Fig 4). However, the relaxation of the hardboard
packing coupled with the inherent memory and instability of trace fishline
made the load-deflection graphs questionable. In addition, there isalway
a noticeable ‘jump’ as the reaction against the upper platen equals the
weight of the head of the press and displaces the backlash in the machine
threads against the columns, A system that uses electronic strain measur-
ing devices embedded into the cubes, the sensitivity of which can be ma-
nipulated mechanically (Rankine, 1996), will in future be used to deter-
mine the material's elastic modulus and Poisson's ratio.

Platen/cube interface material y

“Traditionally, packing between the cube faces and the machine platens
with any material whatsoever has been prohibited in all standard cube
tests (Dewar etal, 1971). Contrary to this conventional wisdom, packing is
recommended between the rubble masonry cube faces and the machine
platens for two reasons:

 Toprevent possible damage to the platens of the press asa result of the
very high point stress concentrations anticipated where targe rocks
make contact with the cube faces, These stresses are bound to be higher
than those encountered in small concrete cubes, since the number of
contack points per unit area of platen face is substantially reduced as
an exponential function of aggregate size. This reduced contact area is
alsp much mose unyielding asitisbacked by a fuw  assive stiff stune
inclusions rather than by a soft mortar matrix.

*  Although the timber boarding produced surprisingly plane cube faces,
it is not as stable as cast iron. Erntroy (1964) has shown how a platen
with a convex departure from planeness of 0,1 per cent can cause 4 10
per cent seduction in measured cube strength, the “pointoad’ acting
in a somewhat analogous manuner to the indirect tensile splitting of
cylinders. 1t is therefore speculated that departure from planeness of
the rublle masoney cube face would also negatively alter the strength.
Very great variation in stress across the cube with high points having
to deflect excessively before bearing on the hollow regions can uccur.

initially, 6 mm *Masonite’ hardboard was chosen to protect the faces
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Fig3: The500t Amsler press used to test rubble rock masonsy cube speci-
mens, The cube on the lower platen is 300 mm long.

UPPER PLATEN
RIGIDLY
HELD AGAINST
TRANSVERSE BEAM
WITH STEEL
O [ meeenee
== =
500 mm &
CUBE <
. SPECIMEN |- |3
I
o
2
z
w
=4
NYLON FISHUNE TO
LOWER PLATEN LOAD DEFLEGTION
FREE TO SWIVEL Y PLOTTER PEN
INSOTH AXIAL FORCE \
HORIZONTAL DEVELOPED BY \
DIMENTIONS HYDRAULICRAM O,
FROM BENEATH

Fig{: Disgrammatic representation of the foading arrangement on the
300t press used to test the rubble masonry cubes

and to provide some cushioning to equalize stress variations across the
cube:platen interfaces (Consequent upon any geometric deviation from
planeness). On its own, the hardboard was observed to have three down-
falls;

+ The coefficient of friction between the cube face and the hardboard is
far greater than that between the cube face and the steel platen, This
phenomenon is clearly iflustrated in Fig 5, where the dilation of 2 500
mm cube of mortar is greatly constrained by a sheet of hardboard
against its upper face, whereas its lewer face in contact with thy steel
platen iv relatively anrestrained. The classical symmetrical hourglass -
shape is very skewed. [t might be expected that as the surface texture
of the hardboard roughened with time this phenomenon would be-
come pyen more pronuvunced.

* Asthe specimen was manoeuvred onto the rig, the hardboard tended
to slide sideways off the fower platen (see Fig 6).

» Sudden dilation, following the fracture of a large stone, would some-
times result in tensile tearing and puncturing of the hardboard.

These problems were overcome by sandwiching the hardboard between
the platen face and a sheet of 2 mm mild steel plate, The problem of the
packing material sliding upon manipulation of the cube into the rig was
sulved by bending one edge of the Jower mifd steel plate downward at90°
to form a tip hard up against the platen as shown diagrammatically in Fig
6.

[T 6 mm hardboard was later substituted with thicker lower-density
packing material in an effort 1o eshance the cushioning effect. During
faiture, the sharp cornees of the stones peaetrated and dimpled the mild



steel plate, This is undesirable as it increases the constraining effect of the
platens. Six millimetre hardboard is therefore proposed as a standard. The
cushioning effect of 6 mm hardboard appears to be adequate.

Future users of this test are cautioned against the temptation tou 2
form of plated, galvanized or painted steel since these surfacesine.: ¢
have a lower coefficient of friction and therelore provide less restra,
the dilating specimens than pure mild steel. Similarly, the practice ot « .-
ing the plates to prevent rust should also be condemned. Use only plain
untreated mild steel.

The importance of concentricity

Entroy (1964) has observed that displacements of cube specimens of as
little as five to six per cent from the true vertical axis of a press can produce
a decrease in strength of as much as 10 per cent, Indeed, Rosenman (sa)
has discavered the phenomenon to be even more pronounced in large
rubble masonry cubes, recording a decrease in strength of as much as 36
per cent where 400 mm cube specimens were centred onto 500 mm pack-
ing plates by eye rather than by measurement. This increased sensitivity
might well be explained in terms of the size effect principle, but itis more
likely due to the relative size of the ball-seating. Larger presses often have
a smaller ball-seating relative to the platen size than do small concrete
cube crushers. This permits greater freedom of rotaticn of the ‘mobile’
platen and hence less symmetrical loading.

Speed of loading

In tests performed to date load was applied at the rate of about 120 WN
per minute. This provided sufficient time to monitor deformations an 1
cracking as well as for photography. (Visible deformation and cracking
were frequently evident before maximum load). At this rate of loading, an
average specimen can be tested to destruction within 30 minutes,

Test limitations

The objective of developing this testing procedure was to identify fac-
tors that can influence measured cube strength and propose ways to limit
them so as to provide a basis whereby one series of results can be com-
pared with another in an effort to enhance knowledge about rubble ma-
sonry. Several investigations (Barclay, 1964; Cole, 1964, 1966) have indi-
cated that considerable variations in standard concrete cube strength can
be obtained svhen similar concrete specimens are tested in differert ma-
chines at dirferent laboratories. Calibration error, stiffness of the loading
frame and the characteristic of the ball-seating locking under load have
been identified as the principal causes of such variations between differ-
ent machines. Consequently, wherever possible, meaningful comparisons
should be made only between specimens tested on one particular machine,

By exercising reasonable care in fabricating moulds and casting cubes
with graded aggregates, results from a series of twelve 500 mm cubes (four
sats of three batches) with coefficients of variation of between 1,03 and
7,03 per cent were obtained.

Future research .

Once data has been gathered from large-scale strength tests performed
on rubble masonry specimens containing a variety of different variables
(such as mortar strengths, geological materials, stone sizes and surface
conditions), these might be compared with the strength of 100 mm mortar
cubes. Fram this analysis it may be possible to correlate the composite
strength of rubble masonry with the mortar cube strength alone within
defined parameters, Such krowledge may afford engineers a convenient
reference for controlling ongoing quality once the composite's potential
strength has been established.

Recently, several practising dam engineers have expressed the view that
the tensile capability of rubble masonry should not be ignored as a lirait-
ing property and that it would be appropriate to develop a splitting test
that is more directly governed by the composite's tensile strength. The
vulnerability of masonry dams to progressive tensile failure has been re-
vealed by case studies of incidents in India (Murthy et al, 1979), Australia
(Nicol el al, 1970) and elsewhere (ICOLD, 1981). It is interesting to note
that during construction of the Sukkur Barrage in [ndia in 1925 the num-
ber of specimens tested for tensile strength comfortably exceeded the num-
ber tested for compressive strength. Among the reasons for this may have
been a concern that the masonry should be ductile, perhaps to resist dif-
ferential foundation settlement,

Conclusion
Improved knowledge of the strength and mechanical properties of
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Fig5: The distorted hourglass failure pattern of this 500 mm cube of
mortar {containing no rock) was caused by different platen con-
straints. The lower surface of the cube in contact with steel has
experienced far less severe dilatnry coustraint than the top sur-
face, which is in contact with hardboard. Hence it is crucial that
platen interfaces in future testing b consistent with a chosen stan-
dard.

==
PROBLEM:
@ Coefficient of friction
. between the cube

and the hardbaard is

pICin greatar than batween
- {ha hardboard and
T SUCHTh PLATEN ?_s the platen,
 ——TARDBOARD SUDES OFF PLATEN
<>

SOLUTION:
Sandwich the hardbeard 20043 @
betvreen the platen and a same )

2 mm stoeel plata with a
bent down lip lo bear
against the lower platen
and prevent stiding.

v ALBBLE
%\‘ -
CusE
SUOQTH PLATEN
I Lzs

8 T
STEEL PLATE WIXH BENT DQWN LIP
RESISTS SLIDING

Fig 6: Diagrammatic representation of the solution to the platen inter-
face problem

rubble rock masonri- has been acknowledged as a prerequisite to the wide-
spread adoption of this material in RDP projects, Lack of an appropriate
existing testing procedure as a basis for making comnparisons has necessi-
tated innovation. A simple standardized testing procedure has evolved,
using timber board shuttering for a 500 mm cubic specimen, Simple speci-
men preparation instructions have been provided for the benefit of re-
searchers with very limited resources. Some critical parameters that may
influence the test resulls are identified and practicai steps to limit them
suggested. Further research is proposed to discover the material’s elastic
medulus and Poisson’s ratio, as well as sts relation to mortar strength.

To next page
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TECHNICAL PAPER

B Fine, R G D Rankine and R T McCuicheon

Deformation
mechanics of ribble
masonry concrete

Synopsis
The deformation mechanics of rubble masonry concrete {RMC) are explored
experimentally and theoretically with reference to the behaviours of analogous
concrete and natural conglomerate. The composite stiffness of large RMC cubic
specimens, containing rock types exhibiting diametrically extreme values of stiff-
ness, was determined dynamically and measured statically to gain a preliminary
indication of the range of values likely to be encountered. A broad spectrum of
moduli of deformation and Poisson’s ratios were recorded. An idealized finite el-
ement model is used to gauge the effects of spherical inclusien size and inclusion
suspension within {lie matrix as well as the effect of orientation of elongated par-
ticles with respect to the principal load axis. Itis concluded that in addition to the
parameters currently known to govern the stiffness of conventional concrete, RMC
suffne.'s is pmhably also szecled by the extent of inler-particle contact, shape and
ion of el lusions with respect to the principal stress axis and
the maintenance nf bond at the transition “aterface.

Samevaltting

Die \ervnrmmgsmegamka van messelwerkpuinbeton (MPB) word
eksperi len d k met verwysing na die gelyksoortige gedrag
van bemn en natuurlike kong! Die algehel Ide styfheid van

groot MPB kubiese monsters wat rotstipes met ekstreme diametriese
styfheid: des bevat, is d bepaal en staties gemeet om ‘n voorlopige

duiding van die reeks des te kry wat varwag kon word. ‘n Bre& spektrum
van vervormil dul en Pois! houdings is gevind. *n Geideali di
eindige-elementmodel is gebruik om die effek van sferiese inslutingsgrootte en
insluitingssuspensie binne-in die matriks sowel as die effek van orientering van
lasgwerpige deelljies tot die hoofbelastingas lc bepaal, Daar is tot die slolsom
gekom dat b die p. wat ons huidiglik weet die styfheid van
konvensionelebeton hemvlued word MPB se styfheld waarskynlik ook beinvioed
deur die mate van interpartikelkontak, vorm en orientering van langwerpige
insluitings relatief tot die hoofbelasti: endiei: dhouding van die binding
by die oorgangsfase.

Introduction

Finite element models are increasingly regarded as the best analytical
tools for ambitious arch designs, They are extremely input-sensitive and
depend upon accurate knowledge of material stiffness for predicting struc-
tural response to loading and thermally induced strains, particularly in
the case of large monolithic rubble masonry concrete (RMC) dams. The
current practice of guessing the stiffness of RMC, or at best assuming an
equivalent concrete modulus, for want of a reliable estimate undoubtedly
compromises the fidelity of their output.

Although it may be argued that the Zimbabweans have successfully
built many large wide-valley RMC arch dams empirically (Chemaly, 1997)
and without any acquired knoswledge of this material’s elastic modulus
(Chemaly, 1997; Shaw, 1998), there is cause for co:icern that the adoption
of this practice elsewhere may result in unsafe structures. Their success
may be attributable to a combination of favourable factors such as their
almost exclusive use of granitic aggregates (which are not exceptionally
stiff and do not exhibit extreme coefficients of thermal expausion) com-
bined with their temperate climate. Their precedent is therefore of lim-
ited value to engineers who are required to make use of other geologies in
climates that experience greater temperature fluctuations, such as South
Africa’s. Shaw (1998) has illustrated this by testing the response sensitiv-
ity of an idealized wide-valley arch dam to subtle manipulations of these
parameters using a finite element model. His model predicts that maxi-
mum stresses (compressive and tensile) may be subject to an increase of as
much as an order of magnitude, upon a realistic 10 °C temperature drop,
as the material's elastic modulus is increased from 15 GPa to 40 Gpa, as-
suming coefficients of thermal expansion {ypical of ordiniary concretes,

Alexander (nd) has reviewed several methods of estimating the elastic
modulus of ordinary concretes, based upon a relationship between elastic
modulus and compressive strength (SABS 0100, 1980; BS 8110, 1985; Ameri-
can Concrete Institue, 1982; Euro-International Committee for Cencrete,
1978, 1990} as well as micro-t heological two-phase mathematical models
(Hanson, 1962; Hirsch, 1962; Counto, 1964; Hashin, 1962; Hobbs, 1971)
(shown in Fig 1), Recent research has shown that concrete strength per se
makes a relatively minor coatribution to the compaosite’s elastic modulus
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[‘ and that the major

¥ contribution comes
from the stiffness of
the aggregate and
its volume concen-
tration (Kaplan,
1959; Teychenne,
1978). Thus, the

KA AAA FEFRTR

1, Paraliel model 2. Serles model mathematical two-
(uniform strain) (uniform sfialny phase models
YYYY VY Y YYY Yy would appear to

simulate the true
behaviour of ordi-
nary concrete more
realistically. How-
ever, these two-
phase concrete
models are blind to
the consequences
of aggregate size
and shape, factors
that may be signifi-
cant in RMC.

Beyond the im-
mediate ambit of
concrete [iterature,
geophysicists
Lindquist and
Goodman (1994),
engaged in a study
of rock mechanics,
have shown by a
series of triaxial
tests on physical
model melanges
(French word for ‘mixture’ of relatively large, competent blocks within a
matrix of finer and weaker texture) that the modulus of deformation may
be greatly affected by the orientation of inclusions with respect to the axial
loading direction {see Fig 2), Although their model rmelanges were intended
to simulate the chaotic fabric of confined rack, such as boulder conglom-
erale found in nature, their findings may be analogous to the similarly
chaatic man-made RMC melange. Unfortunately, their six inch {150 mm)
diameter specimens were too small to permit exploration of the increased
dependence upon bond as the interfacial transition surface diminishes in
proportion to inclusion size. Moreover, all literature appears completely
silent on the question of a relationship between stiffness and nominal
- ggregate particle size.

Rankine (nd), Rosenman (1996) and Roxburgh (nd) have attempted to
measure the stiffness of 500 mm and 700 mm RMC cubes during tests
where the primary objective was to determine compressive strengths and
failure characteristics. These efforts included the use of a load-displace-
ment drum recorder, connected via a ‘fish-line’ to the mobile platen of a
hydrautic press (as shown in Fig 3) and the use of pairs of displacement
dial gauges mounted symmetrically between platens on opposite sides of
cubic specimens, Both these methods produced questionable results for
numerous reasons, so:ne of which are listed below:

AAAATT S

3. Hirsch's model

TREFT

4. Counlo’s model

D Matix

ggregate

5. Hashin & .
Hobbs’ model '

Fig 1: Existing theoretical two-phase models
for predicting the elastic modulus of
concrete (Alexander, nd)

1. The low aspect ratio of the cubic specimens, coupled with the signiii-
cant bilateral and, to a lesser exlent, trilateral frictional constraints of-
fered by the platens, restricts specimen dilation, producing « viificially
stiff results,

2. The recorded lower platen displacement (measured with the appara-
tus illustrated in Fig 3) is obscured by several extraneous phenomena
such as the ‘bedding-in phase’ of the specimen surfaces, yielding of
the packing material, elastic deformation o the press and rutation of
the moving platen if the specimen yields asymmetrically. Furthermore,
at a stage when the reaction against the top platen equals the weight
of upper transverse, backlash in the threaded yeaction columns (at the
momentwhen the threaded columns react in tension) causes an abrupt
displacement (as shown in the load displacerent plot in Fig #3,

3. The fish-line connecting the drum recorder to the moving platen is
subject to creep, particularly where nylon is used and maximum dis-
placement amplification is selected. (Maximum displacement amplifi-
cation subjects the line to slightly greater stress.)

4. The maximum displacementamplification in drunt recorders is deter-
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mined by the ratio of pulley to drum diameters and is limited to a ratio
of about 1:4, by which stage the maintenance of static friction between
the drum pulley and the fish-line becomes questionable and signifi-
cantline strain occurs before the static friction between pen and paper
is overcome. Discrimination between the true gradient and even the
most dominant extraneous phenomena is impossible at such low am-
plification.
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Tig2: The effect of inclusion orientation (a) 0° (b) 30° (c) 60° (d) 90° with
respect to axial load and volumetric block proportion {inclusion
volume concentration) on the modulus of deformation of
Lindquist and Goodman's {1994) triaxially loaded melanges
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Fig3: ‘Fish-line’ and drum displacemn: recording apparatus used by
Rankine (nd), R (1996) and Roxt gh (nd) in vari-
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Experimentation

Most reported values of concrete elastic modulus have been derived
from static tests (Alexander, nd), although dynamic methads, such as the
ultrasonic p ‘'se velocity (UPV) method, which exploit the relationship
between medium stiffness and the transmission velocity of mechanical
vibration, also exist. The static modulus is typically derived at a stress of
one third {BS 1681, 1983) to 40 per cent (ASTM, 1987) of the specimen’s
strength where load is applied slowly over a period of minutes, whereas
the dynamic modulus is derived at extremely low stress where the load is
applied rapidly over a period of microseconds. Consequently, the dynamic
method measures the initial tangent modulus and the static method meas-
ures the ‘secant’ or ‘chord” modulus.

Both methods have their advantages and shortcomings. The static
method instils confidence for its simplicity of direct measurement under
stress similar to the working stresses encountered by structures. How-
ever, because the static modulus is derived at a relatively high stress over
a relatively long period, it includes an extraneous non-elastic (irrecover-
able) component. In practice this hysteresis may be reduced, but never
totally eliminated, by subjecting the specimen to several load cycles be-
fore the strain that determines the modulus is recorded. Because the dy-
namic modulus is determined so quickly and at such low levels of stress,
its non-elastic component is negligible. However, it remains unknown
whether pulse velocity is independent of variations in specimen size and
shape (Whitehurst, 1966) and the presence of interfacial transition bounda-

ries may cause interference, particularly at discontinuities created by bleed-

water and load induced cracks. Nevertheless, the relationship between
statically and dynamically determined values of RMC stiffness warrants
exploration, since the latter may obviate the need for large unwieldy cube
specimens in future.

Test specimens

Existing standard test nicthods (BS 1881, 1983; ASTM, 1987; RILEM,
1975), used to determine the static modulus of elasticity in concrete, pro-
hibit test specimens with an aspect ratio (len gth to diameter) of Jess than
two, since the gauged length of shorter sp:cimens may be made artifi-
cially stiffer by the frictional confinement of the platens. The encroach-
ment of this phenomenon, away from the loaded faces, is proportional to
the coetficient of friction at the platervspecimen interface and may be sig-
nificant, as evidenced by the classic hourglass fracture of concrete test cubes.
Nevertheless, cubic specimens were desired to exploit limited resourzes,
as they permit comparable measurements in more than one dimension,
facilitating two sets of readings per specimen. Furthermore, the cubicshape
also permils a representative cross-sectional girth without making the
specimens unmanageably heavy. Three 500 mm cubic specimens were
manufactured according to 2 method proposed by Rankine (1997). Inan
effort to minimize the frictional platen constraint during testing, a double
membrane of 250 um slippery polyethylene shecting, sandwiching a fayer
of petroleum jelly, was placed between the loaded cube faces and 6 mm
hardboard packing above and below the specimens (see Fig 7). A thin
quadrant lip was bonded to the circumference of the lower hardboard
packing as a precaution against possible lateral displacement of the speci-
nien {a potential consequence of the reduced friction).

Tivo of the cubes were cast with different geological inciusions and the
third cube contained pure mortar as a control with which to relate size
effect phenomena during comparisons with nine 100 mm cube and prism
specimens. Olifantsfontein dolomite and Leach and Brown indurated
siltstone were deliberately choser as aggregates, following work by Alex-
ander and Davis (1992) that showed these geologies to produce concretes
with diametrically extreme values of elastic modulus over a wide range of
strengths (see Fig 5). Analogously, itis anticipated that the values vf RMC
stiffness obtained from this study might simitarly define the boundaries
of asignificant range of other geologies likely 1o be encountered and that
such data may even be interpolated ta estimate the composite stiffir. .
where aggregates of intermediate stiffness are used. Moreover, the elon.-
gated shape of the siltstone fragments (a consequence of the slaty cleav-
age of this sedimentary rock) permits exploration of the effect of their
orientation with respect to axial loading direction. A range of rock sizes
up to about 20 kg (typical of the sizes used in RMC construction} were
hand packed to maximize the volume concentration of stone. The elon-
gated axes of the siltstone fragments were aligned purallel with one pair
of mould faces to simulate the current practice (noted by Rankine et al,
1995) of placing flat stones horizontally. A one part 30 per cent fly ash
cement to four parts river sand (by volume) mortar witha 30 mm slump
and 21,7 MPa 28-day, 100 mm cube strength was used for the matrix. The
material properties are presented in Table 1.
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Fig4: Typical load displacement plot obtained from the apparatus
shown in Fig 3, The arrow paints to the sudden extraneous dis-
placement caused by *backlash’ in the machine threads of the
upper fransverse at the moment when the threaded columns be-
gin to react in tension.
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Fig5: The relationship between the statically determined modulus of
elasticity and cube strength of a range of common aggregates re-
corded by Alexander and Davis (1992)

Apparatus

Most reported values of concrete elastic modulus have been obtained
with siatic apparatus outlined in BS 1881: Part 121 (1983), ASTM method
C469-87a (1987) and RILEM CPC 8 (1975). These standards make provi-
sion for the use of electronic resistance strain gauges bonded onto the
specimen sur{1ces and the use of a displacement gauge compressometer.
The ASTM method restricts the minimum gauge length to not less than
three times the maximum nominal aggregate size to reflect the homoge-
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“fable 1: Spe. men ingredient properties (Davis and Alexander, 1994) and propor-
‘ons

Dolomite Stltstone Mortay
Elastic modulus 109-118 GPa 24-27 GPa 18Gra
Relative density 2,86 2,55-2,66 201-216
Vol fraction in cube 43% 37 Remainder
Water absorption 021% 3,07 -
Uniaxial compressive 212.39% 125-226 21,7
strength (MPa) (40 mm cylinder) [ (40 mm cylinder) | (100 mm (@ 28 days)

neous behaviour of the composite with maximum fidelity. This precau-
tion reduces the probability of bias arising from locally dominant material
concentrations. For this reason, a very long gauge length is particularly
crucial for RMC specimens, longer tnan commescially available bondable
electronic gauges and preferably almost as long as the length of the 500 mm
specimens.

The elimination of the bonded electronic gauge option prompted the
development of an original compressometer (shown in Fig 6), with two
square yokes monitoring a gauge length of 80 per cent of the cube, based
on the ASTM design and an independent micrometer for measuring dila-
tion between targets fixed centrally to diametrically opposing vertical faces
midway between the loaded surfaces. Severai practical difficulties in read-
ing the micrometer manifested during first testing. The restricted space
between the platens made access to the targets extremely awkward, the
size of the micrometer necessitated an extra pair of hands to support ils
distal end and the aluminium frame lacked sufficient stiffness to consist-
ently record a constant distance with acceptable accuracy. Consequently,
the micrometer was abandoned and the comgressometer was modified
by the addition of an integrated extensometer illustrated in Fig 7.

Anultrasonic pulse velocity recorder (shown in Fig 8) was used to record
the dynamic modulus of each cubic specimen. Because of the material's
anisotropy, 49 readings were taken over a square uniformly distributed
grid (in each dimension) to obtain an acceptable average with the aid of
two templates, one of which is shown in the photograph.

The results are summarised in Table 2, The ultrasonic testing was con-
ducted prior to the static testing to preclude the possibility of interference
arising from materiai discontinuities as a consequence of oad-induced
cracking. Thereafter, ‘static’ load was applied using the 1 000 short ton
(907 metric tons) press at the CSIR Mine Hoisting Laboratory at Cottesloe,
Johannesburg, Load was applied first to the designated XX axis (the an-
ticipated strongest direction in the case of the siltstone; perpendicular to
the longitudial orientation of the elongated specimens). [The siltstone was
firstloaded along its strongest axis to increase the probability of it remain-
ing intact to facilitate the second static test.] The specimens were then
rotated 90" and reloaded orthogonally to their first loading aleng their ZZ
axes. The results are summarised in Figs 9A and 9B. Static strains were
recorded from virgin loading because there was no means of predicling
each specimen’s ultimate compressive strength. Furthermore, unlike con-
ventional concrete, the relationship between load cycle frequency and
hysteresis remains unexplored.

Table2; Initial tangent moduli smeasured dynamically along different axes with
the ultrasenic pulse velocity apparatus shown in Fig 8

v Toplae Mean dynamic Standard deviation CoclTicient of
clastic ntodutus from the mean vartation (standard
{GPa) {GPa) deviation from the
meun expressed as a
percentage of the
R a mean) of%
Dolomitic cube
XX 653 96 W
YY 555 6.6 11.8%
Siltstone cube
XX ¢ 404 36 88%
Yy 364 31 Rd%
zz 20 18 6.1%
Mortar cube
XX 1.6 s 22
YY 244 06 13%
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Ideatised theoretical modelling

The effects of spherical Irclusion size and their sespensingioithin He matrix
Two series of siv idealised RMC melange models, containing uniferm
cubically packed spherical inclusions, were analysed using a two-dimen-
sional finite element maoder {Prokon” Groenkloof SA & Londen UK Sec-
ond Beta Plane Stress Strain Analysis) to explore the relationship between
inclusion size, composite stiffness and masimum internal stresses. [n the
first series, the inclusions make intimate contact with their neighbours
and the platen surfaces, whereas the inclusions of the second series are
separated from one another as well as the platen surfaces by a volume of

Fig 6: Prototype compressometer attached to a 500 mm RMC cube speci-
men and micrometer (foreground) built to measure moduli of de-
formation and dilation respectively

Fig7: Improved integrated compressometer/extensometer to measure
both axial strain and dilation. The gauges measure twice the ac-
tual strain. The double polyethylene slip membrane can be seen
between the upper face and the packing.

Fig 8: Ultrasonic pulse velocity recording apparatus used to determine
the dynaniic tangent modulus of RMC specimens prior to static
testing



mortar. The inclusion volume fraction remains
constant throughout each of the sixcases and is
0,524 and 0,382 respectively. A 10 GPa mortar
matrix stiffness and a 100 GPa inclusion stiffness
(a tenfold composite phase stiffness ratio) were
simulated, bordering the highest variance an-
ticipated in practice. A Poisson’s ratio of 0,1 is
assumed and stiffness is recorded at a stress of
3 MPa. The model assumes perfect bond with
the aggregate and absolute platen constraint.
Furthermore, uniform strain of the load surfaces
is assured by a pair of ‘infinitely stiff’ platens.
The results of the theoretical analysis are pre-
sented in Table 3 and typical compressive stress
distributions are presented in Fig 10.

The cffects of particle orientation woith respect to prin-
cipal stress trajectory

The material properties, volume fractions and
geometry of the siltstone specimen were simu-
lated using the same theoretical model and as-
sumptions described previously. The model was
‘test loaded’ both parallel and perpendicular to
the longitudinal axes of the elongated inclu-
sions. A schematic representation of the model
and its predicted stiffness in each axis is pre-
sented in Fig11.

Discussion

The preliminary findings of this study con-
firm that a significant spectrum of composite
material stiffness and dilation potential con-
fronts the designer of RMC structures. The vast
differences in measured intra-specimen values
along alternate axes of the RMC cubes is indica-
tive that this is a highly aelotropic material that
is sensitive to the shape and orientation of the
rock inclusions, factors that to date have not
concerned concrete technologists.

The statically measured deformation moduli
(secant moduli) were, without exception, lower
than those determined dynamically (initial tan-
gent moduli). [The term ‘elastic modulus’ is
deliberately avoided since ‘elastic’ implies fully
recoverable deformation. During virgin loading
the specimen undergoes both recoverable (elas-
tic) and non-recoverable (non-etastic) deforma-
tions.] This is to be anticipated in brittle disor-
dered materials such as concrete, which strain-
soften upon fracture (see Fig 12). The consist-
ency with which the dynamic apparatus seems

Table3a: Relationship between contiguoys idealized spherical inclusion size, com-
posite stiffness and maximum internal ..:resses derived theoretically us-
inga finite element model. The values apply tu Series 1 where the inclu-

sions are contiguaus.
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Fig9: Graphical comparison of the stress-strain ralationship of the test specimens upon testing

with the pro

totype device shown in Fig 6 (A) and upon subsequent re-testing with the im-

proved device shown in Fig 7 (B)

Table 3b: Relati ip ;pended (within the matrix) spheri-
cal inclusion size, stiffness and internal stresses
derived theoretically using a finite element model, The values apply to
Series 2 where the inclusions ar. separated by a bed of mortar.
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capable of predicting the composite’s initial tangent modulus (as evidenced
by the coefficients of variation 1a Table 2) appears to be related to homo-
geneity and perhaps also to the ratio of inclusion to matrix stiffness. The
pure mortar specimen, which wes the most homogeneous in the group,
showed thebest consistency, followed by the specimen containing siltstone.
The superior consistency of ultrasonic pulse data from the RMC speci-
men containing siltstone might be ascribed to the similarity in stiffness
between the siltstone and its mortar matrix. As the stiffness of the rock
approaches that of the matris, the transmission velocity of mechanical vi-
bration becomes less affected by the disordered inclusions (ie the ultra-
sonic pulse is less able to distinguish between the two phases). Thus it is
hypothesized that dynamic methods ot elastic measurement may be bet-
ter suited to RMC containing softe- sther than harder inclusions.

An examination of Figs 9A and 9B reveals a marked contrast ii: speci-
men stiffness bebween XX loading and subsequent ZZ reloading in every
case. The ‘virgin’ XX loading curve of the pure mortar specimen in Fig 9A
shows slight strain-softening up to the final stress of 2,5 MPa, at which
loading was terminated when fine vertical cracks became visible. Its sub-
sequent reloading curve steepens under increasing stress, suggesting that
the material stiffened after the ‘virgin cracks (now perpendicular to the
load) closed. The much lower subsequent modulus (upon reloading) is
probably the result of significant strain absorption by the cracks (now
perpendicular to the ZZ reloading avis) during closure. In contrast, the
absence of visible cracks upon “virgin® \X loading in the specimen con-

1 kPa

PRINCIPAL STRESSES (Compression

ik i
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PRINCIPAL STRESSES (Compression = - ) kPa

Fig10: Typical compressive stress distributions, in the case of spheri-
cal inclusions touching one another (A) and in the case of spheri-
cal particles floating in a bed of mortar (B)
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taining siltstone and the linearity of its ZZ reload curve call for an alterna-
tive explanation for the low stiffness recorded along its ZZ axis.
Theoretically, an increase in modulus ought to accompany a rotation of
elongated inclusions fron: horizontal to vertical. Simple models such as
the one proposed by Hirsch (1962) for concrete and the finite element
model illustrated in Fig il show that when the stiff bands are vertically
inclined they attract more of the axial stress. The result is a stiffer compos-
ite. Moreover, Lindquist and Goodman’s (1994) physical triaxial tests (see
Fig 2) further support this theory. The counter-intuitive departure of the
siltstone specimen fron this theory might be explained by the mechanical
action of the stones (elongated stones with their longitudinal axes parallel
to the principal stress trajectory of the composite wedge and cleave the
matrix apart, a phenomenon illustrated in Fig 13a and described more
fully elsewhere (Rankine, nd)) in fracturing the composite at very low
levels of axial stress. Indeed, the specimen abrupily splitalmostcompletely

Fig11: ldealized theorelical two-dimensional model simulating the
siltstone specimen’s theoretic.l behaviour under deformation
assuming perfect retention of interfacial bond. The model pre-
dicts stiffness perpendicular and parallel to the particle longi-
tudinal axes of 14 GPa and 15 GPa respectively.

Siress

Fig12: Tivo forms of modulus in brittle disordered materials that s rain-
soften upon fracture (Alexander, nd)
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Figi3: Proposed mechanisms that may result in high values of dila-
tion

in halfatonly 0,82 MPa when it was first compressed along its ZZ axis. It
was then carefully prised apast for examivation. Fracture appeared to have
initiated at the interface of the flat stone surfaces paralle: to the principal
stress. The specimen was then carefuily bonded together with an epoxy
adhesive beforebeing reloaded. Its subsequent behaviour (see Fig 9B) was
similar. Again, when reloaded along its ZZ axis, it split abruptly parallel to
the previous fracture (now repaired) at a slightly higher stress of 2 MPa,
by which time its rate of dilation, measured by the extensometer {(shown
in Fig 7), exceeded its axial deflection by such an order that recording
proved impossible.

The behaviour of the specimen containing dotomite is almost perplex-
ing. Intuitively, its chunky spherical shape might have been expected ta
yield a composite with similar properties in both the XX and ZZ axes.
However, the stiffness measured in the 2ZZ axis proved more than double
that measured in the XX axis in both tests. Furthermore, the dilations
measured perpendicular to those same axes differed by neatly 37 times.
Since the stiffness measured during ZZ reloading exceeded the XX ‘vir-
gin' stiffness by a Jarge margin, this discrepancy caunot be attributed to
strain weakening and/or fracture closure. Examination of the origin of the
ZZ gradient in Figs 9A and 9B shows an extremely high injtial tangent
modulus {measured statically), perhaps as a result of a very favourable
distribution of rock in that axis. Unfortunately, the absence of dynami-
cally recorded data about its ZZ axis precludes a comparison with a dy-
namically predicted modulus in this axis.

Itis worth noting that without exception, measured dilation was great-
est in the plane orthogonal to the axis of least stiffness. Several praposed
mechanisms that might be responsible for this phenomenon are illustrated
inFig13.

Examination of the theoretical output presented in Table 3 reveals a
marked conirast in behavioural response between the composite contain-
ing idealised spherical inclusions in intimate contact with one another
and the composite containing inclusions separated by a bed of soft mortar
matrix. While the stiffness of the former appears to be inversely propor-
tional to inclusion size, the stiffness of the latter appears unaffected. Thus,
it would appear that a bed of mortar effectively neutralises the size effects
of perfectly bonded spherical inclusions. Furthermore, maximum inter-
nal stresses around paints of contact appear to be inversely proportional
to the number of inter-particle contacts per cross-sectional area, orthogonal
to the principal stress axis. Theoretically, the contact areabetween touch-
ing spheres or spheres and plane surfaces is infinitesimal, regardless of
their size. This gives rise to substantial stresses under even small inter-
particle forces. An increase in the number of inclusion contacts per unit
area in the plane orthogonal to the principal stress axis results in Joad
sharing, among a greater number of stiff columns of contiguous spheres,
and the consequent lowering of contact sfresses. This is analogous to the
model shown in Fig 14, where the columnar supports (the columns of
contiguous spheres that attract stress) are represented by springs. Since
the contact area between spheres is assumed to be infinitesimal regarc-
fess of the sphere dimensions, the stiffness of all springs is equal. There-
fore, the greater the number of springs per unit of stressed area, the lower
the stress in each spring. Since strain is proportional to stress, more springs
deflect less (the composite experiences an overall stiffening).

Ir practice, the RMC melange departs from this theoretical model in
the fallowing respects:

12.9

1. Their anlikely to remain perfect under high stress,
partic 1far ‘rface diminishes as the inclusions become
bigger.

2. Despite tn ate attempts to minimize the mortar
cotitent * . w1 ine stones making intimate contact), the pro-
portion vntacts capable of increasing composite stiffness is

inallpre*  .yless when inclusions are not regular and true.

3. RMC typically adopts a twisted orthorhombic packing arrangement,
which is theoretically optimal (Rankine, 1988). Although the ineffi-
cient cubical packing arrangement of the model reproduces the vol-
ume fraction of aggregate reportedly achieved in practice, this is prob-
ably a coincidence brought about by the absence of sharp protrusions
that would otherwise prohibit regular close contact between inclusions
in reality. A more complex three-dimensional model capable of simu-
lating the twisted orthorhombic packing arrangement would be a logi-
cal progression for profitable future research,

Nevertheless, the model illustrates the principle whereby load is at-
tracted to the stiffest parts of the composite and how the enhanced distri-
bution of this load reduces the composite strain. It also illustrates the ad-
vantage of a inortar bed in eliminating high contact stresses where very
large inclusions are used and/or the wisdom of limiting the maximum
size of boulders.
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Figl4: Analogousspring medel, where the columns of spheres are rep-
resented as equivalent springs

Conclusion

The careful selection of rock types, exhibiting extreme values of stiff-
ness, and the radical manufacture of one of the cubic test specimens used
in this preliminary study yielded a wide range of statically measnred de~
formation moduli (betseen 5 GPa and 71 GPa) and Poisson's ratios (be-
tween 0,03 and more than one). Dynamically determined initial tangent
moduli were consistently greater than the statically measured secant
moduli. Ahypothesis is proposed swhereby the dynamic determination of
initial tangent moduli may be better suited to RMC containing softer rock
types. A theoretical finite element model was used to jllustrate haw the
presence of a thin layer of soft mortar, separating very lazge stones, may
be effective in greatly reducing maximum stress Jevels within the com-
posite. The model also shows that stresses developed at points of rock
contact are inversely proportional to the number of inter-particle contacts
disposed to distribute load. In addition to the exponents currently recog-
nized to govern the stiffness of concrete (namely the stiffness of the indi-
vidual ingredients, their volume fractions, maturity and the presence of
voids), RMC stiffness appears sensitive to the number of inter-particle
contacts disposed to distribute load within the principally stressed area,
the orientation of inclusions and the maintenance of bond at the rock/
matrix interface,
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ESTIMATING THE HUMAN ENERGY COST T0 MiX
MORTAR MANUALLY

Roderick G.D. Rankine, Edith M. Peters and Robert T. McCutcheon

SYNGOPSIS

A new method of estimating the human enzrgy cost to
mix mortar on the ground by shovel as well as by a
simple manually powered drum mixer is described.
The heart-rate response of a human subject engaged
in sub-maximal upper-body activity simulating the
mixing of concrete is shown to correlate closely with
both oxyge. consumption and mechanical work
output. The test reslts canfirm that shovel mixing is
an arduous, inefficient and potentially hazardous
activity. The manually powered drum mixer was
found to be approximately twice as productive as
shovel mixing on the giound, possessing vast potential
for impraved mechanicaf efficiency. The high cost of
human energy is compared with the cost of energy
derived from diesel fuel and the daily food requirement
of mixer fabourers is quaritified i terms of the
equivalent energy contained in loaves of bread. On
this basis, the minimum wage of R7 per day,
proclaimed by the National Public Works Program is
questioned.

1.0 INTRODUCTION

Rankine and McCutcheon * have identified large
discrepancies in reported productivity amongst
tabourers engaged in the construction of ubble
masonry structures. Production rates of as little as
0.2 to 0.3 m* of placed rubble masonry per labourer
per day have been reported ** in cases where mortar
has been mixed on the ground by shovel, whereas
rates as high as 0.8 to 1.9 m® per labourer per day are
reported “** where mortar was mixed mechanically.
Hence, it seemed probaole that the cause of the low
productivity might be the result of exceptional energy
taxation of the human body by shovel-mixing. A
literature review revealed limited existing knowledge
of the energy cost and productivity of mixing concrete
" and mortar ® by hand. De Beer ™ determined the
human energy requirement to shovel mix concrete by
measuring the oxygen consumption of a subject with a
Max Planck portable spirometer. Knowledge of a
subject's oxygen consumption provides an ideal
means for accurate quantification of human metabalic
activity since 20.22 ki of energy is liberu.ed for every
litre of oxygen consumed at Standard Temperature
and pressure Direct measurement of oxygen
consumption can be achieved by open circuit
spirometry. The volume of expired air and its carbon
dioxide and oxygen content can be recorded using
portable spirometers or very costly computerised
metabolic analysers (metabolic caris). Such methods
are not yet practical for measuring the energy
requirements to mix mortar since the former are

extremely costly uad the validity of their data is reliant
upon the accuracy of "auto-calibrated® gas analysers
within the confines of their small carry cases; while
the metabalic carts are cumbersome and heavy and
only locatec in (abuaratory settings.  Convential
metabolic research has therefore been confined to
task simulations and data collection in the jaboratory.

Mumerous work physiologists “***'# have identified a
correlation between heart-rate and oxygen
consumption in humans at sub-maximal workloads,
By recording the relationship between heart-rate and
oxygen consumption at known sub-maximal
warkloads, a heart-rate monitor may theoretically be
used to predict metabolic response to ancther similar
sub-maximal physical activity which taxes the same
mass of muscle. If the mechanical power output can
be measured, for example by an ergometer, then the
energy conversion efficiency of a system can also be
estimated. Modern heart-rate monitors are refatively
inexpensive and well suited to complicated physical
activities such as concrete mixing because, unlike
spirometers, they are inexpensive , light-weight and
do not bind the subject with tubes or wires, thereby
restricting the range of movement.  Heart-rate
monitors were successfully used by Lambert et al **
(1994), to estimate the energy expenditure of
sugarcane cutters working in the field, and by Engebos
114(1997), in a study paraflel to this one, to estimate
the energy expenditure of trench diggers.

2.0. OBJECTIVE

The objective of the experiment was to develop a
technique to estimate the human energy cost of
mixing mortar, of a consistence typically used in
rubble masonry concrete, by two different manual
mixing methods and to determine whether either ar
both of these manual methods might be respansible
for overtaxing manual labourers to the detriment of
viable productivity.

2.1, Description of the two mixing methods
evaluated

1 Aprocedure described by Addis “' for hand mixing
by shovel on the ground "requiring less labour” was
adopted. A shovel was used te spread the sand in
a roughly citcular layer some 75 to 100 mm thick
on a flat concrete slab mixing platform. The
cement was then spread evenly over the sand
and mixed until the two blended uniformly in

Concrete Beton

No. 93« August 1998



2 e

E.M. Peters
Edith Peters is currently
fecturing fn Exercise
Physiology in the
Department of Physiology
of the Medical School of the
University of Natal,  Edith
completed her MSc (mead)
degree in Sport Science in
the Department of
Physiology of UCT Medical
School in 1984 and is
presently completing fer
PhD in Sports Nutrition at
the University of Cape
Town. She has published
widely in the fields of
exercise physiology and
sports nutrition and was
responsible for co-
ordinating the Sport
Science Courses and
directing the Sport Science
Laboratory in the Division of
Physical Education at the
University of the
Witwatersrand between
'98Fand 1957.

colour. The materials were then shovelled into a
flat heap with a saucer-shaped depression in the
centre, into which about half* the water was
poured. The wet mixing was then catried out by
shovelling material from the edges of the heap into
the centre, turning over each shovelful as it was
dumped. The remainder of the water was then
added slowly as the material was turned over, by
shiovelling from the centre to the side, and back to
the centre of the heap. Mixing terminated when no
dry ingredients remained and the colour and
consistency of the mix appeared uniform.

2 Asimple low cost 90/60/ manually powered drum
mixer manufactured by "New Dawn Engineering"
19in Manzini, Swaziland was used. The mixer (see
Fig 1) consists of an inclined drum with four
revolving handles mounted perpendicular to its axis
of rotation and opposed 90° apart. The ingredients
are homogenised by three sets of seven internal
chain “fingers" radiating from a common ring at the
centroid of the drum and terminating at its
circumference, which “comb" the mix as it falls
under gravity. The drum is rotated by continually
pulling and/or pushing on each of the four revalving
handles. The mixer was charged in accordance
with the manufacturers instructions "® and slowly
turned 44 "handles" (11 revolutions) at a speed of
approximately seven revolutions per minute.

HUMAN ENERGY COST

3.0 EXPERIMENTAL
3.1 Fieldwork

Two trial batches, followed by three experimental
batches of mortar, were mixed using each of the two
mixing methods; yielding six test batches in total. The
volume of material mixed in every batch was set at
60 ¢ of wet output to make optimal use of the
90/60 £ capacity of the drum mixer. This output was
achieved by trial and error and was made up of the
following ingredients:-

Cement (CEMIYA 32.5) 14 dm’
Decomposed Granite Sand (FM 3.02) 70 dm®
Lime 4 dm®
Water 16¢

Lime was added to control bleeding in order to
tacilitate an average slump of 50 mm (typical of the
30 - 70 mm slump used for rubble masonry
construction . For objective comparison, time and
energy recordings commenced after the ingredients
had been measured into volume gauges and
terminated immediately after the mixed mortar had
been placed into a wheelbarrow, Data were recorded
with 2 heart-rate monitor (Vantage XL, Polar USA,
Stamford, Connecticut, USA) consisting of an

unobtrusive recorder transmitter, attached by an
elastic strap around the subject's abdomen just
beneath the pectoral muscles.

The heart rate

Fig 1:Manually powered 90/50 drum mixer being charged with ingredients during a
physiological evaluation test

* The addition of all the water at une time may restilt in the washing away of the cement and fines from the

heap as runnels of waler escape from It.
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signal was transmitted to a receiver attached to the Computer Interface, Polar USA) onto a computer.
subject's wrist which was programmed to store heart Typical response curves are presented in Fig 2 and a
rate readings every five seconds. These data were summary of notable data is presented in Table 1.
subsequently transmitted via an interface (Polar
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Professor Robert
McCutcheon obtained his
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Graduate Diploma in
Engineering in 1964 from
the University of the y Y
Witwatersrand, . Between 00:00:00 00:05:00
1965 and 1971 he worked Average: 141 Maximum: 161
as an engineer and Heart beat sum ; 1433
chairman of the South
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gf;i{gn xa ,ans%gsz;g Fig 2: Typical heart rate response curves to manval mixing or mortar. AManual mixing
Cape. ! on the ground with a shovel. B.Mixing with a manually powered drum mixer. The dotied
lines indicate the subject's maximal heart rate (MHR) (predicted using the formulag 220
minus age in years)"” and lower hear? rate threshold respectively.
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Shovel Mixing " Manual Drum Mixing
Mix Time HRmax | HR Averagell MixTime | HRmax [ HRAverage
minisec  |(beats.min ')] (beats.min™)|| mimsec  [(beats.min *')| (beats.min ™)
1st Test 09:20 156 138 05:00 142 132
2nd Test 09:30 158 140 05:05 145 134
3rd Test 10:10 161 141 05:05 159 137
Mean % 09:40 158.3 139.7 05:03 148.7 134.3
Stddev © 00:26 2.5 15 00:03 9.1 2.5
Coeff a/z 4.6% 1.6% 1.1% 0.1% 6.1% 1.9%

Table 1: Mixing times, maximum and average heart rates (HR, mean values %, standard
deviations from the mean values 0 and co-effcients of variation expressed as percentages
of the mean values o/% for both methods of mixing.
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on the ground with a shovel, B.Mixing with a manually powered drum mixer. The doffed

Cape.
e lines indicate the subject's maximal hear? rate (MHR) (predicted using the formulaa 220
minus age in years)"” and lower heart rafe threshold respectively.
Shovel Mixing " Manual Drum Mixing
Mix Time HRmax | HR Average [l MixTime | HRmax |HRAverage
minisec  l{beats.min )| (beats.min™)|l min:sec  |{beats.min )| (beats.min™}
1st Test 09:20 156 138 05:00 142 132
2nd Test 09:30 158 140 05:05 145 134
3rd Tesi 10:10 161 141 05:05 159 137
Mean R 09:40 158.3 139.7 05:03 148.7 134.3
Stddev o 00:26 2.5 1.5 00:03 9.1 2.5
Coeff o/% 4.6% 1.6% 1.1% 0.1% 6.1% 1.9%
Table 1: Mixing times, maximum und average heart rates (HR, mean values %, standard
deviations from the mean values o and co-effcients of variation expressed as percentages
of the mean values o/ for both methods of mixing.
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Twa sets of three cube specimens were tested after 28
days, by the Cement and Concrete Institute, to
ascertain the coefficient of variation of cube strength
as an indicator of the extent of homogeneity achieved
by each mixing method (see Table 2).

MANUAL DRUM

RECORDED CUBE SHOVEL
STRENGTHS AT 28 DAYS MIXING MIXING

(MPe] 6.2 6.4

6.9 6.4

7.8 6.9

Mean R 7.0 8.6
Std deviation from meano 079 0.28
Coefficient of variation o/ 11.3% 4,2%

Table 2 : Cube strength statistics as a preliminary indicator

of homogeneity of mixing

An 80 kg, 30 year old male {non-smoker) in good
health and finess was used as the subject for ajl tests
to maintain a consistent basis for comparisons,
Alternation of both mixing technigues from one batch
to the next precluded the possibility of fatigue from
prejudicing the results of either method of mixing as

HUMAN ENERGY COST

correlation between heart-rate and oxygen
consumption of subjects at sub-maximal workloads
using treadmill, bicycle and snow ski ergometers
which utilise the body’s largest and most pawerful
muscle groups found in the fegs. However, there
appears to be a dearth of information on the
correlation between oxygen consumption and upper-
body activity which utilises the smaller muscle groups
involved during the mixing of mortar, To estimate the
energy expenditure of the subject during sub-maximal
manual mortar mixing, heart-rate was correlated to
oxygen consumption.  Since the efficiency of
metabolic canversion is largely dependent upon the
mass of muscle taxed, it is desirable to simulate the
activity in question as closely as possible whilst
performing such calibrations.

Consequently, an arm crank ergometer {(Monark 881
Sweden) with its axis mounted 1,28 m above floor
level, was used to exercise upper body muscles at a
cadence of 75 RPM to mimic the activity of mixing
concrete as closely as practically possible in the Sport
Science Laboratory at the Division of Physical
Education at the University of Witwatersrand. The
subject was connected to a stationary on-line
metabalic analyser (Oxygon 4, Mijnhardt, Bunnik, The
Netherlands) and oxygen consumption {VO,) and
carhon diokide production (VCG?) were measured
continuously via an open-circuit technique. The

B

the subject tired ¢ ward the and of 1. - Jay of testing.
3.2. Calibration

subject was fitted with a two-way Hans Rudolf valve
(Model 7910, Hans Rudalf inc,, Kansas, USA) which
was connected to the metabolic analyser by means of

Work physiologists “*'*'? have shown a strong 30 mm tubing,
Time Power Heart Yo, Power Efficiency Energy Daily energy requirement to work
wig | on | ey | g | v | et | rsaemet fa g
M)

73 0 64 0.26 87.62 0 1.89 7.57
3-4 7.5 109 0.60 202.2 3.7 4.37 10.05
4.5 15 110 0.78 262.9 5.7 5.68 11.35
5.6 30 123 0.99 333.6 9.6 7.21 12.89
6-7 45 129 1.13 380.8 11.8 8.23 13.91
7-8 60 140 1.39 468.4 12.8 10.12 15.80
8-9 75 151 1.51 508.9 147 10.99 16.67
9-10 90 157 1.75 589.8 15.3 12.74 18.42
10-11 105 162 2.01 677.4 15.5 14.63 20.30
11-12 120 169 2.18 734.7 16,3 15.87 21.55
12-13 135 176 2,38 8021 16.8 17.32 23.00
13-14 150 179 2.62 882.9 17.0 19.07 2475
14-15 165 182 2.81 947.0 17.4 20.45 26.13

Table 3: Heort rate/V0, relationship during sub-maximal arm ergometry to simulate manual mixing of concrete
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The subjects basal oxygen consumption was
measured for three minutes prior to commencement
of the test. Thereaftes, following a warm-up at 7,5
Watts, the workload was increased at the end of every
minute for twelve minutes until the subject began to
fatigue. The arm ergometer calibration is presented in
Table 3 and the heart-rate VO, {oxygen consumptmn)
refationship is presented in Fig 3.

. Oxygen Consumption

T 1 | L

1 1 T ¥ v i1
00020406081011!41610202224262330

Fig 3: Logarithmic sub-maximal heart-rate (//min} V0,
relationship for the test subject during arm ergometry
to simulate the manual mixing of mortar
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Fig 4 : Heart-rate response to continuous drum mixing
at a constant handle effort of 180 Newtons
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3.3. Validation of simulation and efficiency

The ability of the arm ergometer to simulate the
activity of mortar mixing was validated by comparing
heart-rate response during arm ergometry (Table 3}
with that in response to continuous drum mixing (Fig
4). The Mechanical work output to turn the drum
mixer at & specific speed is simply the product of
average handle effort required to tum the fuily charged
drum, and the circumference travelled by the centre of
the handles in a given time. The average handle
effort, measured with a spring balance, was 180
Newtons and the handle circumference was 5.34m.
Thus, at a speed of 7 revolutions per minute, 6.728k)
of mechanical work was done per minute; a powar
output of 112 Watts. During a long period of
sustained mixing activity at this rate (with the drum
mixer {oaded to capacity), the maximum heart rate
response vras recorded as 164 beats per minute. This
cornpares very favourably to the heart rate response of
165 beats per minute (interpolated from Table 3)
recorded during arm ergometery.

4.0 DISCUSSION

Interpolation of power input (Table 3), to correspond
with the average heart-rate responses (derived frotm
Table 1), can be used to reveal the metabolic power
and enargy requirements to yield 60/ of mortar {about
140 kg) for each mixing method considered. Shovel
mixing of mortar at 466 Watts (interpolated)
consumed

466 W X 580 s = 270.3 kl per batch
Eqn 1

whilst manual powered drum mixing at 423 Watts
(interpolated) cansumed

423W X 303 s = 128.2 kJ per batch
Eqn 2

Thus, the human energy cost of a cubic metre of shovel
mixed mortaris

270.3 kJ X (1000 -+ 60} = 4.505 Mi/m’

: Eqn 3

This is more than twice the energy cost of the drum
mixed mortarwhich is

128.2 kI X (1000 + 60) = 2.136 MYm’.

Eqn 4

Thus, it follows that healthy male fabourers, mixing
mortar at maximum capacity, may achieve a daily out-
put of just over 2 m¥labourer/day, shovel-mixing, and
just under 5 m¥/labouret/day, drum mixing, However,
the reader is reminded that this output is strictly
relevant to the task of mixing afone, and does not
include tasks of batching and transporting which are
cornmonly included in the job descriptions of mixer
labourers.  Although the energy corisumed by these
two activities will substantially reduce the above
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estimates, it is extremely project specific and difficult
to quantify and therefore beyond the scope of this
investigation. However, Rankine * {1865) provides a
rule of thumb estimate which held for 40 years in an
era when manual mixing was commonplace:- “The
fabourof mixing mortar by shovel may be estimated at
about ¥ of a day’s work of a man per cubic yard" This
is equal to one cubic metre per labourer per day.
Thus, it would appear that the tasks of batching and
transporting, associated with mixing, are probably as
onerous as shovel mixing itself.

The values derived from Egns 3 & 4 are both
significantly lower than those derived from the
investigation conducted by de Beer ' which
determined the energy required to mix concrete by
shovel on the ground as being 8.178 MJ/m’ at a
metabolic rate of 514 Watts, Thus, it would appear
that shovel mixing of concrete consumes about 80%
more energy than shovel-mixing of mortar. The
additional activity of folding stone into the mix
increases both the resistance to shavel penetration
and effort required to turn the heap. There is no doubt
that mixing concrete andfor mortar by shovel is an
extremely tiring and inefficient job. This finding is
confirmed by Grandjean “® who reports the efficiency
of "shoveling in a stooped posture" to be 3% and rates
it as the most inefficient activity aut of a list of 16
common physical tasks. Scholz and Sieber have
shown that working in a stooped posture can increase
work. energy expenditure by as much as 25% and
heart-rate by 20% "%, In addition fo being extremely
inefficient, working in a stooped posture, particularly if
the knees are not bent, imposes very high stress on the
discs between the lumbar vertebrae and may
eventually lead to disc degeneration; a common cause
of premature disability.

Whilst the manufacturer of the drum mixer under
investigation ought to be commended for successfully
producing an affordable, low maintenance and easily
constructable device in harmony with the philosophy
of employment creation, this initiative should be
viewed as a point of departure. The mixing of mortar
could be defined as the uniform redistribution of
ingredients within a given volume, Thus, the energy
requirement to achieve homogenisation need not be
significant provided the task is tackled intelligently to
avoid excessive random multiple handling. The chain
"fingers" of the device are a crude alternative to blades.
The chalns offer great resistance to the sliding of the
mixture against the Inside of the drum and
homogenisation occurs rather haphazardly by “raking®
the sliding conglomerate rather than by folding
together the ingredients. A blade configuration,
optimally deployed, to deliberately litt and fold the
ingredients whilst offering the least possible resistance
would be an obvious progression to increase the
mechanical efficiency of this machine, A further
improvement in efficiency ought o result from the
incorporation of at least one extra handle since the

HUMAN ENERGY COST

present arrangement demands a long range of effort
between handle changes, necessitating an awkward
snatch between pulling and pushing at about mid-
stroke, which tends to stall the momentum and
wiench the elbow and shoulder joints.

4.1 Energy requireraent in perspective

Column 6 of Table 3 presents the food energy
requirement of the test subject to perform 6 hours of
work per day at each of the work output levels
simulated during arm ergometry. By interpolation of
heart-rate response between 129 and 140 b.min *, it
follows that about 9.14 MJ of energy would be
required to perform 6 hours mortar mixing with the
manually powered drum mixer and about 10.07 MJ
would be required to mix mortar by shovel. Several
work physiologists "****" share the opinion that this
energy requirement borders the threshold of the
maximum sustainable daily work energy avaliable to
healthy males of about 10.5 MJ per work day. The
quantity of food needed to provide this much energy
might be more readily appreciated when reduced to
equivalent loaves of bread.

An 800g loaf of brown bread has an energy content of
8.056 MJ %, Thus, six hours of mixing mortar by
either of the two methods consumes more energy than
that contained in a loaf of bread. However, unlike
machines, humans do not only consume energy whilst
they are working. Essential life functions like
breathing consume energy all the time. The power
required fo sustain fife, known as the basal metabolic
rate (BMR), was in the case of this test subject, 87.6
Watts (see top of column 4 in Table 3). The right hand
column of Table 3 shows the total daily energy
requirement of the test subject; the sum of the energy
requirement to mix concrete for six hours per day, plus
the basal metabolic requirement to rest for the
remaining 18 hours. Thus, by interpolation, it follows
that to perform 6 hours work mixing mortar by
manually powered drum mixer would demand
replenishment of 14.83 MJ/day and the same time of
shovel mixing would demand 15.78 MJ/Day. Thus,
the shovel mixer needs to replenish himself with the
equivalent amount of energy found. in iwo loaves of
bread just to sustain his existence for the sole purpase
of mixing mortar.

In reality, labourers need even mare energy than'this to
meet other demands placed on their metabolic
systems such as fetching water and firewood, bathing,
cooking and walking to work. This need has been
termed "leisure requirement" which in the case of a
typical aduit male, is estimated to consume about
2.5MJ/day "*,  Therefore, a healthy productive
male mortar mixer probably requires closer to three
loaves of bread per day to replenish himself. Thus, the
remuneration of R7 per labourer per day,
recommended by the Government's National Public
Works Program's Target Focus Group ®®, is unlikely to
sustain a mixer fabourer on a staple diet of bread, let
alone support his or her dependants! (Assuming
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brown bread is available at a cast of between two and
three Rand perloaf).

Another way ta gain appreciation of the cost of human
energy is to compare it with diesel fuel. A litre of
diesel contains 37 to 39 MJ % of energy and currently
costs about two Rand. Thus, the cost of diesel is
about 5,3 cents per MJ. The energy costofa healthy
male labourer selling his maximum sustainable work
output of 10.5 Mlday "*# for the minimum
remuneration of R7 is therefore

R7 +10.5MJ = 66 cents/MJ Eqn5

Thus, currently, the cost of human energy is at least
12 times the cost of diesel. This should not ba
intarpreted by the protagonists of automation to imply
that labour intensive methods are riot competitive
cornpared to conventional altematives, since, unlike
most existing construction machinery, labourers are
versatile and capable of using intelligence towards
greater effectiveness. Furthermore, human labourers
are not subject to the many ecanomic inefficiencies of
machinery such as capital acquisition, insurance and
depreciation costs. Antithetically, an appreciation of
the need to develop technologies which conserve and
optimally utilise human energy needs fo be fostered
amongst policy and decision makers.

5.0 HEALTH AND NUTRITIONAL STATUS

Unfortunately, the assumption of a healthy tabour-
force is, at present, most unrealistic, Vorster et al ®
have exhaustively reviewed the literature on the
nutritional status an anthropometry of South Aricans
between 1975 and 1996 and concluded that “the
health and nutritional status (malnourished as
opposed to undernounshed) of mitlions of adults is far
from optimal; particularly amongst the destitute”,
Disease and malnourishment deplete the body of
energy and capacity to work; offen synergistically.
Unheaithy people are less efficient and productive
daing arduous work, (even if they are over nourished)
because their bodies require more energy to rectify
thelr conditions.  Consequently, it makes sound
economic sense to invest in the health care and
promotion of sound nutritional habits amongst the
labour force. Mainwaring ®" recalls his experience in
Zimbabwe where unhealthy recruits to the abour
force had to be treated for malaria and fed a balanced
diet for a month before they built up the necessary
fitness and stamina to perform the arduous manual
work demanded of them, « - Beer * reports similar
experience in South Afriv  during the building of
Maritsane Dam. In his case, two weeks of feading
the {abour force on a baldanced diet proved sufficient
time.

6. THE HOMOGENEITY OF MIX AS A
FUNCTION OF THE DISTRIBUTION OF 28
DAY CUBE STRENGTH RESULTS

Unfortunately, only six cube moulds of a constant
150mm size were available to this initiative. More
specimens might have indisputably confirmed the

R Rankine, £ Peters & R McCutcheon

degree of homogeneity achieved by each mixing
method. Nevertheless, Table 2 indicates a superior
consistence throughout the mix achieved by the drum
mixer. The coefficient of strength variation of the three
shovel mixed cube specimens is nearly three times
higher than that of the drum mixed cube specimens,
despite the unsophisticated method of
homogenization. The mean strength of the shovel
mixed cubes is marginally higher than the drum mixed
specimens; probably as & consequence of the
absorption of some moisture from the mix by the
poraus concrete mixing siab.

7.0 CONCLUSION

A good correlation was found to exist between heart-
rate and oxygen consumption during sub-raximal
upper body activity on an arm ergometer simulating
the action of mixing mortar. The accuracy of the arm
ergometer's ability to mimic manual mortar mixing
was validated by comparison of the enargy conversion
efficiencies during arm ergometry with calculated
work dong in tuming the manually powered drum
mixer at the same heart rate. Human energy was
shown to cost (currently) at least 12 times as much as
diesal and the current recommenided remuneration of
R7 per day for labourers was demonstrated to be
entirely consumed just to sustain the replenishment of
this energy on agstaple diet of bread alone.
Consequently, the need fo efficiently utilise human
energy is emphasised. Shovel mixing of mortar was
found to be an extremely arduous, inefficient and
potentially hazardous task, requring about 4.5MJY/m?®.
Mixing mortar with the manually powered drum mixer
was shown to be less taxing and more than twice as
productive, requiring 2.1MJ/m®. A limited statistical
analysis of cube strength found greater homogeneity
in 2 batch of drum mixed cubes compared with a
batch of shovel mixed cubes.  Consequently,
recommendation is made to avoid shovel mixing of
mortar and concrete and to encourage the technical
refinement of manually powered mixers to make
better use of timited human energy.
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ESTIMATION OF THE HUMAN ENERGY COST TO MIX
MORTAR MANUALLY

Roderick. G.D. Rankine, Edith M. Peters & Robert T. McCutcheon
Synopsis

A new method of estimating the human energy cost to mix mortar on the ground by shovel as well as by a simple
manually powered drum mixer is described. The heart-rate response of a human subject engaged in sub-maximal
upper-bady activity simulating the mixing of concrete is shown to correlate closely with both oxygen consumption
and mechanical work output. The test results confirm that shovel mixing is an arduous, inefficient and potentially
hazardous activity. The manually powered drum mixer was found to be approximately twice as productive as
shovel mixing on the ground, possessing vast potential for improved mechanical efficiency. The high cost of
human energy is compared with the cost of energy derived from diesel . and the daily food requirement of mixer
Tabourers is quantified in terms of the equivalent energy contained in loaves of bread. On this basis, the minimum
wage of R7 per day, proclaimed by the National Public Works Program, is questioned.

1.0 INTRODUCTION

Rankine and McCutcheon'” have identified large discrepancies in reported productivity amongst labourers engaged
in the construction of rubble masonry stmctures. Production rates of as little as 0.2 to 0.3 m* of placed rubble
masonry per labourer per day have been reported™ in cases where mortar has been mixed on the ground by shovel,
whereas rates as high as 0.8 to 1.9 m® per labourer per day are Teported®*® where mortar was mixed mechanically.
Hence, it scemed probable that the cause of the low productivity might be the result of exceptional energy taxation
of the human body by shovel-mixing. A literature review revealed limited existing knowledge of the energy cost
and productivity of mixing concrete® and mortar™® by hand. de Beer" determined the human energy requirement
to shovel-mix concrele by measuring the oxygen consumption of a subject with a Max Planck portable spirometer.
Knowledge of a subject’s oxygen consumption provides an ideal means for accurate quantification of human
metabolic activity since 20.22 kJ of energy is liberated for every litre of oxygen consumed at Standard Temnperature
and Pressure®, Direct measurement of oxygen consumption can be achieved by open circuit spirometry. The
volume of expired air and its carbon dioxide and oxygen content can be recorded using portable spirometers or very
costly computerised metabolic analysers (metabolic carts). Such methods are not yet practical for measuring the
energy requirements o mix mortar since the former are estremely costly and the validity of their data is reliant
upon the accuracy of “auto-calibrated” gas analysers within the confines of their small carry cases; while the
metabolic carts are cumbersome and heavy and only located in laboratory settings. Conventional metabolic
research has therefore been confined to task simulations and data collection in the laboratory.

Numerous work physiologistsi®'*'? have identified a correlation between heart-rate and oxygen consumption in
humans at sub-maximal workloads. By recording the relationship between heart-rate and oxygen consumption
at known sub-maximal workloads, a heart-rate monitor may theoretically be used to predict metabolic response
to another similar sub-maximal physical activity which taxes the same mass of muscle, If the mechanical power
output can be measured, for example by an ergometer, then the energy conversion efficiency of a system can also
be estimated. Modern heart-rate monitors are relatively inexpensive and well suited to complicated physical
activities such as concrete mixing because, unlike spirometers, they are inexpensive, light-weight and do not bind
the subject with tubes or wires, thereby restricting the range of movement, Heart-rate monitors were successfully
used by Lambert et al® (1994), to estimate the energy expenditure of sugarcane cutters working in the field, and
by Engebos®™ (1997), in a study parallel to this one, to cstimate the energy expenditure of trench diggers.
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2.0 OBJECTIVE

The objective of the experiment was to develop a technique to estimate the human energy cost of mixing mortar,
of a consistence typically used in rubble masonry concrete, by two different manual mixing methods and to
determine whether either or both of these manual methods might be responsible for overtaxing manual fabourers
to the detriment of viable productivity.

21 Description of the two mixing methods evaluated

I A procecre described by Addis®? for hand mixing by shovel on the ground “ requiring least labour” was
adopted. A shovel was used to spread the sand in a roughly circular layer some 75 to 100 mm thick on
a flat concrete slab mixing platform. The cement was then spread evenly over the sand and mixed until
the two blended uniformly in colour. The materials were then shovelled into a flat heap with a saucer
shaped depression in the centre, into which about half* the water was poured. The wet mixing was then
carried out by shovelling material from the edges of the heap into the centre, turning over each shovelful
as it was dumped. The remainder of the water was then added slowly as the material was turned over,
by shovelling from the centre to the side, and back to the centre of the heap. Mixing terminated when
no dry ingredients remained and the colour and consistency of the mix appeared uniform.

2) A simple low cost 90/60 ¢ manually prwered drum mixer manufactured by “New Dawn Engineering”(®
in Manzini, Swaziland was used. Th. mixer (see Fig 1) consists of an inclined drum with four revolving
handles mounted perpendicular to its axis of rotation and opposed 90° apart. The ingredients are
homogenised by three sets of seven internal chain “fingers” radiating from a comumon ring at the centroid
of the drum and terminating at its circumference, which “comb” the mix as it falls under gravity, The
drum is rotated by continually pulling and/or pushing on each of the four revolving handles. The mixer
was charged in accordance with the manufacturers instructions® and slowly turned 44 “handles” (11
revolutions) at a speed of approximately seven revolutions per minute.

Fig 1 Manually powered 90/60 drum mixer being charged with ingredients during a physiological evalnation test.

* The addition of alf the water at one time may result in the washing away of the cement and fines from the heap as runnels of water
escape from it
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HEART RATE Beats.min’!

3.0 EXPERIMENTAL

3.1 Ficldwork

Two trial batches, followed by three experimental batches of mortar, were mixed using each of the fwo mixing
methods; yielding six test batches in total. The velume of material mixed in every batch was set at 60 £ of wet
output to make optimal use of the 90/60 ¢ capacity of the drum mixer, This output was achicved by trial and error

and was made up of the following ingredients:- Cement (CEMI/A-V 32.5) 14 dm®
: Decomposed Granite Sand (FM 3.02) 70 d®
Lime . .. 4dn?

Water - 160

Lime was added to control bleeding, in order to facilitate an average stump of 30 mm (fypical of the 30-70 mm
stump used for rubble masonry construction™). For objectided cbmparison. time and energy recordings commenced
afler the ingredients had been measured into volume gauges and terminated immediately after the mixed mortar
had been placed inte a wheelbarrow. Data were recorded with a heart-rate monitor (Vantage XL. Polar USA.
Stamford. Connceticut, USA) consisting of an unobtrusive recorder transmitter. attached by an elastic strap arotnd
the subject’s abdomen just beneath the pecloral muscles. The heart rate signal was transmitfed to a receiver
attached to the subject’s wrist which was progranuned 1o store heart raie readings every five scconds. There data
were subscquently transmitted via an interface (Polar Computer Interface. Polar USA) onto a computer. Typical
response curves are presented in Fig 2 and a summary of notable daty is presented in Table 1.

Heart beat sum:1433 Heart beat sum:631i

A " B

Fig 2 Typical heart rale response curves {o manual mixing of mortar, A. Manual mixing on the ground with ¢
shovel. B. Mixing with a manually powered drum mixer. The dotted fines indicale the subject’s maximat heas |
rale(MHR) (predicted nsing the formula 220 minus age in years)™ and lower heast rate threshold respectively
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Shovel mixing . Manual drum mixing
Mix Time HR Max HR Averz e Time HR Max HR Average
min:sec (bcms.min") (beats.miti™ 3 min:sec (beals.min") (beuls.min'l)
1* Test 09:20 156 138 05:00 142 132
2™ Test 09:30 158 140 05:05 145 134
3" Test 10:10 161 141 05:03 159 137
Mean x 09:40 138.3 139.7 ‘ - 05:03 148.7 134.3
Stddev © 00:26 2.5 15 00:03 9.] 2.5
.CoelT  ofx 4.6% 1.6% 1.1% 0.1% 6.1 1.9%

Table 1 Mixing times. maximum and average heart rates (HR). mean values X, standard deviations from the mean
values o and coellicients of variation expressed as percentages of the mean values a/* [or bolh methods of mixing,

Two scts of three cube specimens were tested alter 28 days. by the Cement and Concrete Institute. to ascertain the
cocflicient of variation of cube sirength as an indicator of the extent of h.mogencity achieved by each mixing
method (sce Table 2).

SHOVEL MIXING MANUAL DRUM MIXING
RECORDED CUBE 2 6.4
STRENGTHS AT 28 DAYS 6.9 6.4
(MPa} 7.8 6.9
Mcan I 7.0 6.6
Std deviation from the mean © 0.79 0.28
Cocfficient of variation ol* 11.3% +.2%

Table 2 Cube strength statistics us a preliminary indicator of homogeneity of mixing.

An 80 kg, 30-year old male (non-smoker) in good health and fitness was used as the subject for all Lests to maintain
a consistent basis for comparisons, Aliermation of both mixing techniques from one batch to the next precluded the
possibility of fatigue from prejudicing the results of cither method of mixing as the subject tired toward the end of
the day of tesling,.
3.2 Calibration

Work pliysiologists"®'™™ have shown a strong correlation between heart-rate and oxygen consumption of subjects
at sub-maximal workloads vsing treadmill. bicycle and snow ski ergometers which utilisc the body's largest and
most powerlul muscle groups found in the legs. However, there appears lo be a dearlh of information on the
corrclation between oxygen consumption and upper-bedy activity which utilises the smaller musclc groups involved
during the mixing of mortar. To estimate the energy expenditure of the subject during sub-maximal manual mortar
mixing. heart-rate was corrclated to axygen consumplion. Since the efficiency of metabolic conversion is largely
dependent upon the mass of muscle taxed. it is desirable to simulale the activity in question as closely as possible
whilst performing such a calibration.

13.14



Consequently. an arm crunk ergometer (Monark 881 Sweden) with its axis mounted 1.28 m above floor level, was
used to exercise upper body muscles at a cadence of 75 RPM to mimic the activily of mixing concrete as closely as
practically possible in the Sporst Science Laboratory at the Division of Physical Education at the University of the
Witwatersrand. The subject was connected to a stationary on-line metabolic analyser (Oxygon 4, Mijnhardt, Bunnik,
The Netherlands) and oxygen consumption (VO,) and carbon dioxide production (VCO) were measured
continuously via an open-circuit technique (see Fig 3). The subject was fitted with a two way Hans Rudoif vaive
(vIodel 7910, Hans Rudolf Inc.. Kansas, USA) which was connected to the metabolic analyser by means of 30 mm
tubing,.

T IO

Rese

Fig 3 Arm crgometer, heart-rate monitor (strapped around the abdomen below the pectoral muscles) and
respiratory gas collection apparatus used to establish the correlation of the heart-rate of the subject with oxygen
consumption in response to upper-body sub-maximal work output (left). Subject engaged in arm cranking
ergometry in a slightly stooped standing position (right).

The subject’s basal oxygen consumption was measured for three minutes prior 1o commencement of the test,
Thereafler, fallowing a warm-up at 7.5 Watls, the workload was increased at the end of every minnte for twelve
ntitintes until the subject began to fatigue. The arm ergometer calibration is presented in Table 3 and the heart-
rate: VO, (oxygen consumption) refationship is presented in Fig 4.
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Time | Power Heart va, Puwer Efticiency Energy Daily energy requirement to work
Qutput Rate Tnput Quiputinput E.\pm}dilurc in at that rate (inel basal matabolic
(hamin’y | (emin) (Watts) ("0} 6 hrs (MJ) reguirenent for 18 brs)
M) (Waus) (\MJ)
13 i} 64 0.26 87.62 [ 1.89 757
34 15 109 0.60 2022 3.7 437 10.05
4.5 13 114 0.78 262.9 5.7 5.68 11.35
3-6 30 123 6.99 333.6 2.0 .1zl 12.89
67 43 129 113 380.8 1.8 c 823 13,91
78 60 140 L39 468.4 12.8 10,12 15.80
89 73 151 1.5) 3089 147 10.99 16,67
9-10 920 157 175 589.8 153 12.74 1842
W01 105 162 2.01 6774 15.5 14.63 20.30
11392 120 169 2.18 7347 16.3 1587 21.55
12413 135 176 238 802.1 16.8 17.32 23.00
13-14 130 179 2.62 882.9 17.0 19.07 24,75
14-15 163 182 2.81 947.0 74 20.45 26.13

Tabic 3 Heart rate/ VU, relationship during sub-maximal arm ergometry ta simulate manual mixing of concrete.

Fig 4 Logarithmic sub-maximai heast-rute: VO, relationship for the test subject during arm ergometry to simulate
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3.3 Validation of simvlation and efficiency )

The ability of the arm ergometer to simulate the activity of mortar mixing was validated by comparing heart-rate
response during arm ergometry (Table 3) with that in response to continucus drum mixing (Fig 5). The
mechanical work output to turn the drum mixer at a specific speed is simply the product of average handle effort
required to turn the fillly charged drum, and the circumference travelled by the centre of the handles in a given time.
The average handle effort, measured with a spring balance (see Fig 6), was 180 Newtons and the handle
circumference was 5.34m. Thus, at a speed of 7 revolutions per minute, 6.728 kJ of mechanical work was done per
minute; apower output of 112 Watts. During a long period of sustaixiegl mixing activity at this rate (with the drum
mitixer loaded to capacity), the maximum heart rate response was recorded as 164 beats per minute. This compares
very favourably to the heart rate response of 165 beats per minute (fnterpolated {rom table 3) recorded during arm
ergometery,

'-:E 208 b
8 ] SR
L e
g J
& 188
= ]
EE i
58 oL
]
]
' ) T -
80 .68 :68 86 :65 :08 @9:13:88 Time

Average 153 Maximum:164 Heart beat sum:1538

Fig 5 Heart-rate response to continuous drum mixing at a constant handle effort of 180 Newtons.

Fig 6 Spring balance used to quantify effort required to revolve mixer.
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4.0 DISCUSSION

;
[nterpolation of power input (Table 3). to correspond with the average heart-rate responscs (derived from Table 1),
cin be used to reveal the metabolic power and energy requirements (o yield 60 ¢ of mortar (about 140 kg) for cach
mixing method considered. Shovel mixing of mortar at 466 Walts (interpolated) consumed

466 W X 580's = 270.3 kJ per batch Eqn1
whilst marual powered drum mixing at 423 Watls (interpolated) consumed

423 W X 303s = 1282 k:! p.cr batch. Eqn2
Thus. the human encrgy cost of'a cubic metre of shovel mixed moriar is

2703 kI X (1000 +¢0) = 4.505 M, Eqn 3
This is more than twice. the energy cost of the drum mixed mortar which is

128.2kJ X (1000 +60) = 2.136 M/, Eqn 4

Thus. it follows that healthy male labourers, mixing mortar al maximum capacily. may achieve a daily output of
justover 2 m/labourer/day. shovel-mixing. and just under 3 w¥/labourer/diy. drum mixing, However. the reader \
is reminded that this output is strictly relevant to the task of mixing alone, and docs not include tasks of balching

and transporting which are commonly included in the job descriptions of mixer labourers, Although the ¢nergy \
consumed by these two activities will substantially reduce the above cstimates. it is extremely project specific and
difficult to quantify and therefore beyond the scope of this investigation, However. Rankine®™ (1865) provides a
rule of thumb estimate which held for 40 years in an era when manual mixing was commounplace:- “The lubour
of mixing mortar by shovel muy be estimated at about 3/4 of @ day’s work of a man per cubic yard”. This is
equil to one cubic metre per labourer per day. Thus, it would appear that the tasks of batching and transporting,
associated with mixing. arc probably as oncrous as shovel mixing itself,

The values derived from Eqns 3 & 4 are both significantly lower than those derived from the investigation
conducted by de Beer'™ which determined the energy required to mix concrele by shovel on the ground as being
8,178 MJ/m* at a metabolic rate of 514 Watts. Thus, il would appear that shovel-mixing ol concrete consumes about
80% morc encrgy than shovel-mixing of mortar. The additional activity of folding stonc inta the mix increases both
the resistance to shovel penetration and cffort required o turn the heap, There is no doubl that mixing concrele
and/or mortar by shovel is an extremely tiring and incfticient job. This finding is confirmed by Grandjean”™ who
reports the efficiency of “shovelling in a stooped posture™ 1o be 3% and rates it as the most inefficicnt activity out
ol'n Iist of 16 common physical tasks. Scliolz and Sicber have shown that working in a stooped posture can increase
work cnergy expendilure by as much as 25% and heart-rate by 20%™, In addiidon ta being extremely ine(Ticient,
working in a stooped posture, particularly if the kaees are not bent, imposes very high stress on the discs between
the lumbar vertebrac and may eventually lead to disc degeneration; 2 comimon causc of premature disability. Such
poslure is conumon amongst South African fabourers and is shown in Fig 7.
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Fig 7 Stooped posture with “straight knees” whilst mixing mortar is a common cause of back distress. Such
posture is comumon amongst the South African labour-force.

Whilst the manufacturer of the drum mixer under investigation ought to be commended for successfully producing
an affordable, low maintenance and easily constructable device in harmony with the philocophy of employment
creation, this initiative should be viewed as a point of departure. The mixing of mortar could be defined as the
uniform redistribution of ingredients within a given volume. Thus, the energy requirement to achieve
homogenisation need not be significant provided the task is tackled intelligently to avoid excessive random multiple
handling, The chain “fingers” of the device are a crude alternative to blades. The chains offer great resistance to
the sliding of the mixture against the inside of the drum and homogenisation occurs rather haphazardly by “raking”
the sliding conglomerate rather than by folding together the ingredients. A blade configuration, optimally deployed,
to deliberately lift and fold the ingredients whilst offering the least possible resistance would be an cbvious
progression to increase the mechanical efficiency of this machine, A further improvement in efficiency ought to
result from the incorporation of at least one extra hand!e since the present arrangement demands a long range of
effort between handle changes, necessitating an awlkward snatch between pulling and pushing at about mid-stroke,
which tends to stall the momentum and wrench the elbow and shoulder joints (see Fig 8).
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Tig8 Photographic series of upper-body movements to turtt {he drum mixer, A The left hand grasps the handle
pulling it downwaxds and towards the abdomen using the latisinus dorsi muscles. B. The range of this movement
ends before the drum is rotated a fill g0¥, (before the next haadle can be reached with the right hand), pecessitating
2 reverse-snatch movement of the left elbow mid-stroke to enable the lefi triceps to complete the stroke. This causes
a temporary 1oss of momentum and might subject the shoulder and efbow 10 distress. C.Right hand pull-down.
P, right elbow reverse-snatch.
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4.1 Encrgy requirement in perspective
4

Column 6 of Table 3 presents the food cnergy requirement of the lest subject to perform 6 hours of work per day
al each of the work output levels simulated during arm ergometry. By interpolation of heart-rate response between
129 and 140 & min, it follows that about 9.14 MJ of energy would be required to perform 6 hours mortar mixing
with the manually powered drum mixer and about 10.07 MJ would be required to mix mortar by shovel. Several
work physiologis 592" ghare the opinion that this energy requirement borders the threshold of the maximum
suslainable daily work cnergy available to healthy males ol about 10.5 MJ per work day. The quantity of food
needed to provide this much encrgy might be more readily appreciated when reduced to equivalent loaves of bread.

An 800 g loaf of brown bread has an energy content of 8.056 M, Thus, six hours of mixing mortar by cither of
the two methods consumes more energy than that conlained in a loal of bread. However, unlike machines. humans
do nol only consume enerpy whilst they are working. Esscntial life functions like breathing consume energy all
the time. The power required to sustain life. known as the basal metabolic rate (BMR). was in the case of this test
subject, 87.6 Watts (scc top of column - in Table 3 ). The right hand column of Table 3 shows the total daily encrgy
requirement of the test subject: the sum of the energy requircment to mix concrete for six hours per day, plus the
basal metabolic requircment to rest for the remaining 18 hours. Thus. by interpolation. it follows that to perform
6 hours work mixing mortar by manually powered drum mixer wonld demand replenishment of 1-4.83MI/day and
the same time of shovel mixing would demand 13.78 MJ/day. Thus, the shovel mixer needs to replenish himself
with the equivalent amount of energy found in hwo loaves of bread just to sustain his existence for the sole purpdse

of mixing mortar.

In reality labourers need even wore energy than this to meet other demands placed on their metabolic systems such
as fetching waler and firewood. bathing. cooking and walking te work. This need has been termed “leisure
requirement™ which in the case of a typical adult male, is estimated to consume about 2.5 MJ/day*****%, Therefore,
a healthy produclive male mortar mixer probably requires closer to three loaves of bread per day 1o replenish
himself. Thus. the remuneration of R 7 per labourer per day, rezommended by the Government's National Public
Works Program's Targel Focus Group™Y, is unlikely to sustaia a mixcr labourer on a staple dict of bread. let nlone
support his or her dependanis! (Assuming brown bread is available at a cost of between two and three Rand per

loal)

Another way to gain appreciation ol the cost of human energy is to compare it with diesel fucl. A litre of diesci
conlains 37 10 39 MJ?"ol energy and currently costs about two Rand. Thus, the cost of diesel is about 3.3 cents per
MJ. Theenergy cost of a hiealthy male labourer selling his maximum sustainable work output of 10.5 MJ/day(1*2020
for the minimam remuneration of R7 is therefore

R7 = 10.5M)} = 66 cents/MIJ Eqn 5

Thus currcntly. the cost of human encrgy is at least 12 times the cost of dicsel. This should not be inferpreted by
the patrons of automation to imply that labour intensive metheds are not competitive compared to conventionat
alternatives, since. unlike miost existing constructien machinery, labourers arc versalile and capable of using
intelligence towards greater cffectivencss. Furthermore, human labourers are not subject to the many economic
incflicicncics of machinery such as capital acquisition. insurance and depreciation cosls, Antithetically. an
apprecialion of the need to develop technologics whicl conserve and optimally utilise human energy needs to be
fostered amongst policy and decision makers,

5.0 HEALTH AND NUTRITIONAL STATUS

Unfortunately. the assumption of a healthy labour-force is. at present, most unrealistic.  Vorster ct al®™ have
exhaustively reviewed the literature on the nutritional status and anthropometry of South Africans between 1975



and 1996, and concluded that “the health and nutritional status (mal’nourished as opposed to undernourished) of
millions of adults is far from optimal; particularly amongst the destitute”. Disease and malnourishment deplete the
body of energy and capacity to work; often synergistically. Unhealthy people are less efficient and productive doing
arduous work, (even if they are over-nourished), because their bodies require more energy to rectify their conditions.
Consequently, it makes sound economic sense to invest in the healthcare and promotion of sound nutritional habits
amongst the labous-force. Mainwaring® recalls his experience in Zimbabwe where unbealthy recruits to the
labour-force had to be treated for malaria and fed a balanced diet for a month before they built up the necessary
fitness and stamina to perform the arduous manual work demanded of them. de Beer™” reports similar experience
in South Africa during the building of the Maritsane Dam. In hjé case two weeks of feeding the labour-force on
a balanced diet proved sufficient time. '

6.0 HOMOGENEITY OF MIX AS A FUNCTION OF THE DISTRIBUTION OF 28 DAY CUBE
STRENGTH RESULTS

Unfortunately, only six cube moulds of a constant 150 mm size were available to this initiative. More specimens
might have indisputably confirmed tle degree of homogeneity achieved by each mixing method. Nevertheless,
Table 2 indicates a superior consistency throughout the mix achieved by the drum mixer. The coefficient of strength
variation of the three shovel-mixed cube specimens is nearly three times higher than that of the drum mixed cube
specimens, despite the unsophisticated method of homogenisation. The mean strength of the shovel mixed cubes
is marginally higher than the drum mixed specimens; probably as a consequence of the absorption of some moisture
from the mix by the porous concrete mixing slab.

7.0 CONCLUSION

A good correlation was found to exist betvween heart-rate and oxygen consumption during sub-maximal upper-body
activity on an arm ergometer simulating the action of mixing mortar. The accuracy of the arm ergometer’s ability
to mimic manual mortar mixing was validated by comiparison of the energy conversion efficiencies during arm
ergometry with calculated work done in turning the manually powered drium: mixer at the same heart-rate. Human
energy was shown to cost (currently) at least twelve times as much as diesel and the current recommended
remuneration of R 7 per day for labourers was demonstrated to be entirely consumed just to sustain the
replenishment of this energy on a staple diet of bread alone. Consequently, the need to efficiently utilise human
energy is emphasised. Shovel mixing of mortar was found to be an extremely arduous, inefficient and potentially
hazardous task, requiring about 4.5 MJI/m®. Mixing mortar with the manually powered drum mixer was shown to
be less taxing and more than twice as productive, requiring 2.1 MJ/m>. A limited statistical analysis of cube
strength found greater homogeneity in a batch of drum mixed cubes compared with a batch of shovel mixed cubes.
Consequently, recommendation is made to avoid shovel mixing of mortar and concrete and to encourage the
technical refinement of manually powered mixers to make better use of limited human energy.
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Investigating the Use of Lime as an Admixiure {o Improve the

Performance of Rubble Masanry Concrete Mortars:
with Particular Reference to Bleeding

PART ONE

TECHNICAL PAPER

SYNOPSIS

Bleeding and the entrapment of blsed-water beneath large
horizontal rock surfaces have been identified as inherent
problems in Rubble Masonry Concrete (RMG) construction,
possibly precluding the attainment of full potential mechanical
properties. While several measures to control bleeding of these
mortars (by the addition of fine materials and/or the entrainment
of air} have recently been implemented in practice, none would
appear ideal. Hydrated lime has a large specific surface area
and a longstanding history bearing testimony to its durability as
a binder for RMC mortars. However, its propensity fo arrest
bleeding does not appear to have been quantified. This was
investigated by means of a bleeding test which confirmed that
smail additions (of as litlle as 1% by mass of cement} of lima

Roderick GD Rankine and Pro! RT McCutcheon

might correspondingly increase the level of stress at which
inlertacial cracking begins, possibly resulting in a consequent
improvement in unconfined compressive strength. Such an
Improvement is likely to be more significant in RMC than in
conventional cancrete since the compressive strength of RMC
appears to depend more critically on interfacial bond. This is
because the morar matrix is likely to experience greater
intierent dessication shrinkage stress and thermally induced
tensile stress on account of the lack of coarse aggregate to
dilute and restrain itself within the large interstitial volumes
between the boulder inclusions. Furthermore, the contiguous
boulder interaction limits the contraction on a macroscopic level
and the lower density of interfacial zone volume (to absotb
these strains) counters relaxation of the interstitial matrix,

may significantly reduce bleeding. Furthermore,
added lime appeared to enhance short and long-
term compressive strengths, prabably by reacting
with pozzolans, and it is argued that several other
mortar properties may also be enhanced by the
addition of a srall quantity of lime.

1 INTROBUGTION

A noteworthy obssrvation, common to all
compressive tests conducted on cubic BMC
specimens to date"®, is that fracture appears to
originate at the interface between mortar and rock as
shown In Figure 1. These fracture surfaces typically
first appear sub-paralle! to the principal compressive
strass at fevels significantly lower than maximum,
Post-mortem examination of many of these fracture

surfaces has revealed planes of weakness caused
by interruption of the Iniarfacial bond between
mortar and rock by the presence of bleed-water at
the time of casting, paricularly below large flat
horizontal rock surfaces as shown in Figure 2.
Because the Injtiation of failure under compression Is
mainly tensile, this results in strength anisotropy”.
The prablem is exacerbaied by the fact that RMC is
typlcally cast in horizontal layers and that stones
have a natural tendency to lie horizontally where
they are most stable; it is these large horizontal
surfaces which trap lense-shaped flaws of bleed-
waler as il tries to migrate upwards, These
horizontal planes of weakness have a pronounced
effect on the cubic specimen compressive strength
since cubes are loaded 90° relative to thelr casting
direction; which simulates the thrust loading of arch
bridge ang arch dam structures.

Reducing the extent of bleeding saems a logical

Fig 1 Typical fracture of a 500 mm RMC cube specimen initiated by an
interfacial bond failure.

means of enhancing this interfacial bond strength.
Moreover, Increasing the interfacial bond strength,

Fig 2 A large fragment of mortar which became premalturely detached

from its adjacent rock surface as a result of bond interruption by bleed-
* The matarial Is weakest when a uniaxiaf compressive foad ~ Water and air trapprd against the horizontal undersurface of rock at

acls parallel to these planes of weakness.

7

the time of vasting.
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BACKGROUND 70 THE

GURRENT USE OF RUBBLE MASONRY
GONGRETE iN SOUTHERN AFRICA

iN GONTEXT FOR THE BENEFIT

OF FOREIGN READERS

Rubble Masonry Concrete {RMC) is a particulate
composite construction material consisting of large
irregular boulders which are manually placed into a
mortar matrix. This method of construction is
thousands of years old and was used in parts of
many well known ancient structures including
Hadrian’s Waf*, the Tower of Pisa and St Andrew's
aafle. During the 19th and early 20th centuries
RMC was used for the construction of many of the
world's largest dams, particutarly in America.
Subsequently, it gave way to the faster placement of
cyclopean masonry and masonry concrete (concrete
containing plums) and eventually concrete as we
know it today. Only a few developing countries,
including India and Zimbabwe have continued o use
AMC in an effort to conserve foraign reserves and
provide economical infrastructure. More recently,
labour-intensive  RMC  construction has been
adopted in South Africa folfowing incentives to
relieve the problem of high unemployment. Since
cement is the only material which need be
purchased, a large proportion of the investment in
RAMC infrastructure is made available to be

reinvested into destitute communities.

Typical labour-intensive casting of rubble masonry
concrele (RMC). Here, a massive thrust block for
the Maritsane Dam In South Alrica Is being built. The
lypical high proportion of mortar and the randomness
of the rocks' shape, size and placement is evident in
this photagraph. :

%

B

In addition to reducing the strength of the composite, bleed-
water channels also increase permeability, which is undesirable
in water retaining structures.

The extent of bleeding and the problems assa.

with

bleeding appear tn be more severe in RMC than in conventional
concretas or mortars, possibly as a result of combinations of the
following factors:-

1)

2)

3

4

5)

The relatively large volumes of montar which occupy the

“Interstices in RMC have a greater propensity to bleed than
-equivalent volumes of cancrete which are dituted with

coarse aggregate. (Coarse aggregate reduces the water
content of a mix and it cannot bleed.)

The clean river sands, typically used for mortars in
southern Africa, are often deficient in fines and
consequently lack water retention capacity.

Water is added to tha mortar mix until the desired
consistency is achieved; a subjective judgement which is
typically made at the visual discretion of unskilled labourers.
Less effort Is required to mix {especially when hand mixing)
and use mortar with a high slump than is required for a low
siump. Therefore, labourers have a tendency to add
excessive quantities of water. Even a small excess of water
does considerable harm. Powers™ has shown that an
increase in the water content of a mix of as little as 20%
may increase the rate of bleeding by 2,5 times.

The contiguous interaction of large Incluslons precludes
them sellling with the matrix (as may be possible in
conventional concrete) as the bleed-water Is displaced by
gravity. Thus, discontinuities between the undersutfaces
of boulders and the mortar matrix caused by plastic
settlement of the latter are more fikely.

The entrapment of migrating bleed-water, beneath the
undersurfaces of rocks, becomes morg ptonounced as
their size increases.

The most effective existing methods of reducing bleeding in
conventional concreles appear 1o be by the addition of fine
material to the mix and/or by deliberately entralning small air

bubbles In the mortar™,

Fine material has a large specitic

surface area {defined as the ratio of its total surface area to its
total absolute volume) and it Is this area which Is able to retain
water. Thus, the farger the specific surface area, the greater the
water retention capacity, Therefore, the effectiveness of a fine
material in reducing bleeding is proportional to its specific
surface area. Entrained air bubbles are also effective in curbing
bleeding by reducing the water requirement of a mortar™ (a
reduction made possible by their lubricating effect), dilating the
capillary passages®™ ({thereby blocking caplllary flow of bleed-
water) and by adding to the specific surface area of the mix in
the same way as line particles™,

Past efforts to combat bleeding in RMC have utilised these
measures. According to Chemaly®, the Zimbabweans biend
two parts river sand with one part of pit sand to combat the fines
deficiency of their river sands. In South Africa, de Beer® has
specilied a 30% fly ash cement and a fine filler sand for blending
with the river sand for the construction of Maritsane Dam, while
Shaw", pioneered the use (lor RMC in South Africa) of a
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proprietary masonry cement, containing an air entraining agent
and finely ground limestone, for constructing Bakubung Dam.,

Aithough these measures all have some meril in reducing the
extent of bleeding in large volurmes of morlars, none appears ideal,

Pit sands genrrally contain a high proportion of clay and silt, the
levels of which may often be excessive and variable™. Fine
filler sands on the other hand often lack sub 150 ym particles,
This was noted by Fine® who went to great trouble to obtain a
well graded alluvial material, for the manufacture of an ideal
mortar, by blending sands with different nominal size fractions
from two Johannesburg rivers. Nevertheless, this blended
material was still deficient in fines with only 3,3% of material
passing the 150 pym sleve and a fineness modufus of 3,7,
Desplte using a 30% fly ash cement and & 1:4 nominal volume
mix, this mixture bled so profusely, during the mixing, that it
proved impossible to obtain a slump of greater than about 30
mm. Water could be seen draining out of the mortar while it was
being hand mixed by shovel on the ground.

There is evidence that the use of fly ash .ement and fine filler
sand blending was net totally effective In limiting the rav. s of
bleeding in the mortar used to construct Maritsane Lam.
Compressive fests on manufactured 500 mm RMC cube
specimens revealed extensive planes of weakness below
torizontal rock surfaces caused by entrapped bleed-water®®,

Although South African fly ash typically has a larger specific
suriace {400-600 m¥kg) than cormmon cements (280-330 m¥kg)
and a slightly smaller nominal spherical diameter (3,26-2,17 pm)
than common cements (3,41-2,90 pm), its addition to the mix

retards the stiffening or setting time, thereby causing the mortar to
bleed for a longer period of timet™®. This has been found to partially
offset the benefit of the finer particles in arresting bleeding,

Despite a decrease in the watericement ratio afforded by the
lubricating effect of the bubbles, their presence reduces
compressive strength (by approximately 4-6% for every 1% of
entralned air), [n all but lean mixes, this has been reported to
result in a net reduction in compressive strength of as much as
15%, Futhermore, air bubbles produced by air-entraining
agents-are reported to reduce the interfacial bond strength
because the bubbles interrupt the intimate contact between
phases at the interface and block the entry of paste inte minute
fissures. From the little data available, it would appear that the
magnitude of this reduction depends upon the volume fraction
ol bubbles, the nature of the substrate and/or the type of stress
applied to the interface. Wuerpel* reports a 10% teduction in
shear-bond strength, to smaooth steel reinforcing bars, betwaen
concrete containing an “optimum amount” of entrained air and
equivalent control concrete containing no entrained alr. At the
other extreme, Matthyss reports that applied to brick and
cancreta block, non-air-entralned Portland cement-lime mortars
exhibit significantly higher tlexural bond-strengths (tested
according to ASTM C-1072'® and ASTM E-72%) than air-
entrained masonry cement mortars; typically 70% o 80%
higher, in the case of concrete block.

Unfortunately, there appears 1o have been a dearth of rasearch
on the effects of entralned air upon the bond to rock, possibly
as a consequence of the difiiculties In measuring the bond
strength between mortar and rock. However, Roxburgh has
compared the compressive strengths of 500 mm cubic

Table 1: Properties of the river sand used for bleeding tests.

Properties Grading analysis
Sleve size Cumulative %

Relative density 2,582 {Hm) Passing
Loose bulk density 1572 kg/m? 4750 100
Consolidated bulk density 1712 kg/m? 2360 99
Fineness modulus 2,06 1180 89

800 62

300 a2

150 13

Table 2: Volumes of bleed-water decanted from test specimens at hourly intervals (mej. The percentage fime additions ara iefative
to the weight of cement. The percentages in partenthesis indicate the proportional reduction in bleeding at that time.

Time {(Minutes) Control (no lime) 1% Lime 5% Linte 25% {ime
60 178 (0%) 102 (43%) 62 (65%) 19 (89%)
120 132 (0%) 115 (30%) 87  (52%) 30 (34%)
180 (Vibrated) 180 (0%) 144 (26%) 108 (48%) 56 (83%)
Total Vol (me) 490 257 (83%)
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specimens manufactured with the same proprietary masonry
cement (containing an air-entraining agent) as was specified for
the Bakubung Dam by Shaw"® with specimens containing
straight-cement sand mortars, Although this masonry cement
appeared to have been effective in arresting bleeding, there was
no evidence of an improvement in cempressive strength, This
might possibly be due to the corresponding reduction in
compressive strength of the mortar matrix and/or the reduction
in interfacial bond as a consequence of the bubbles.

Thus, it seems reasonable ta speculate that, if bleeding could be
substantially reduced, without the formation of 'deleterious’ air
bubbles, properties of RMC could be improved to greater
engineering advantage.
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1.1 Othér Possible Measures to Reduce Bleeding

The addition of conderised sitica fume (CSF) would seem an
obvious cholce following reports® that it ‘praclically arrests all
bleeding’ on account of its extremely high specific surface area.
However, CSF is a very expensive product and one that is difficult
to handle because of its very low bulk density. Furthermore, CSF
s difficult to disperse evenly throughout the mix with conventional
free-fall mixers or manual-mixing techniques®”. (Ideally, a forced
shearing mixing action, such s is provided by the blades of a pan
mixet Is required to disperse C8F#.)

The. possibility of reducing bleeding by lowering the water
content of the mix through the use of a water reducing
admixture was considered and rejected, Although the addition
of water reducing admixiures, such as calcium-
lignosulphonates, would increase fluidity and therefore permit
the water content to be reduced, they have been reported to
increase bleeding™®, possibly because thelr lubricating effect
facilitates greater setilement of the heavy particles andfor
because they may retard the setting and therefore prolong the
period of bleeding. Furthermore, the use of chemical
admixtures is impractical in labour-Intensive projects because of
the tisk of incorrect dosing,

Another possible material, with an extremely high specific
surface area, which appears to have been overlooked in recent
times, Is lime (hydroxide of calcium and/or magnesium), Minute
lime particles form naturally (without grinding), during the
vigorous chemical reaction when oxides of calcium/magnesium
are hydrated. These particles are flat and extremely thin, Their
diameters are about 500 times smaller than grains of common
cement and the specific surface area of lime is about the same
as CSF (about 20 000 m/kg).

2 EXPERIMENTAL

An extensive review of lime literature revealed no quantitative
data as to the extent to which limes might be effective in
reducing bleeding. Gonsequently, a simple bleeding test based
on ASTM Standard Test Methods C 232-92% and C 940-89%%
was undertaken. River sand from a tributary to the
Braamfontein Spruit in Johannesburg with properties presented
in Table 1 was mixed with a cement blend (CEM |l B-V 32.5) In
a 5:1 volume batch mix. Awater/cement ratlo of 1,41 was used,
which yielded a collapse slump. This mix was then divided into
four, 15 kg batches. The first batch served as the control and
calcitic hydrated lime (SABS 523 type A2) was added to the
other three batches by weight of cement (1%, 5% and 25%
respectively) and mixed thoroughly into the mortar. Immediately
thereafter, each batch was placed in a 10¢ polyethylene bucket
with a lipped seal lid to prevent evaporation of molsture, At
hourly Intervals, bleed-water was decanted from the surface and
measured. The volumes decanted at the end of the third hour
were encouraged to the surface by equal amounts of vibration.
The results are recorded in Table 2.

3 CONCLUSION
The reduction in bleeding afforded from an addition of as little as
sven 1% lime may be significant. ©
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INVESTIGATING THE USE OF LIME AS AN
ADMIXTURE TO IMPROVE THE PERFORMANCE
OF RUBBLE MASONRY CONCRETE MORTARS;
WITH PARTICULAR REFERENCE TO BLEEDING

4

Part Twe '
Roderick G.D. Rankine
Synopsis

Bleeding and the entrapment of bleed-water beneath large horizontal rock surfaces have been
identified as inherent problems in Rubble Masonry Concrete (RVIC) construction, possibly
precluding the attainment of fitll potential mechanicci properties, While several measures to control
bleeding of these mortars (by the addition of fine materials and/or the enirainment of air) have
recently been implemented in practice, none would appear ideal. Hydrated lime has a large specific
surface area and a longstanding history bearing testimony to its durability as a binder for RMC
mortars. However, its propensity to arrest bleeding does not appear to have been quantified. In part
one of this paper, this was investigated by means of a bleeding test which confirmed that small
additions (of as little as 1% by muss of cement) of lime may significantly reduce bleeding. Part two
of this paper explores other consequences of using lime as an admixture to rubble masonry concrete
nortars. Added lime appeared to enhance short and long-term compressive strengths, probably by
reacting with pozzolans, and it is argued that several other mortar properties may also be enhanced
by the addition of a small quantity of lime.

4 CONSIDERATION OF OTHER CONSEQUENCES OF LIME ADDITION TO
RIVER SAND CEMENT MORTARS

4,1 Workability

According to Waiker and Gutschick®?, masonry limes consist of laminar tabular-shaped hydroxide
particles, about 0.08 pm in diameter {that is about 1/500™ of the size of cement particles (see
Figure 3)}. These plate-like particles are hygroscopic and on wetting they disengage and are easily
dispersed as colloids. Each particle becomes separated from its adjacent neighbour by a tenacious film
of water that enables them to slide relative to one another in a manner analogous to graphite lubricant,
It is this phenomenon which they claim affords lime-containing mortars their desirable rheological
properties (a smaoth, plastic, buttery and easy to spread consistericy that hangs on the trowel and
clings to vertical surfaces), properties highly sought after by masons and often referred to as “fat’ or
‘butteryness’. On this premise, American sources boast about lime’s ability to enhance the plastic
flow of concretes as weli as reduce the water:cement ratjo. Lazell®” even cites a case where a nominal
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concrete mix of (1:3:5), containing crusher sand was to be spouted into a dam through long chutes
declined 18° from a batching plant on a hillside. He claims that initially, the wet concrete would not
flow down the chutes but dammed up and spilt over the sides, however, with the addition of 10% lime,
the material flowed smoothly without segregating and yielded a stronger concrete. Unfortunately, he
does not say whether this addition is by mass or by volume, nor does he indicate whether it was added
as a dry powder or as a mature putty. The latter could have significance since the plasticity of putties
made with non-autoclaved dry hydrated lime powder are reported to improve (indefinitely®®) with
maturation afier mixture with water®>?, evidently at least overnight®*,

Fig3  Minute tabular magnesium hydroxide particles which become coated with a film of water
and slide over one another in a manner analogons to graphite lubricant (Walker and Gutschick®®),

A review of literature related to workability shows the difficulty in defining this unquantifiable
property. The best definition appears to be that given by ACI Committee 116 R-90%%: “that property
of freshly mixed concrete or mortar which determines the ease and homogeneity with which it can
be mixed, placed, consolidated and finished”. Perhaps the closest quantifiable relative to workability
is consistence, which describes the mobility or ease of flow, as measured by the ‘static’ slump test or
the more ‘dynamic’ flow test.

In an attempt to discover whether South African limes’ have an ability to enhance the plastic flow of
miortars, stump tests and flow tests according to SABS Method 862 Parts T and II®? respectively, were
conducted. Both hydrated calcitic lime (SABS 523 Type A2) and autoclaved dolomitic plastic lime
(SABS 523 Type A2P) were added in incremental proportions to river sand-cement mortars with
control slumps ranging from zero to collapse. In every case, the addition of lime appeared to stiffen
the mix and reduce the stump. Furthermore, there was little detectable difference in siump between
the Type A2 and Type A2P limes, even after allowing their pastes 24 hours of maturation (see
Figure 4).
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Fig4  The effect of dry hydrated lime on slump. The cement-mortar slump to the right of the
picture contains no lime whereas that on the left contains an addition of 50% lime (compared to
the mass of cement). The reduction in slump appears to be proportional to the amount of lime
added, irrespective of the contrel slump or the type of lime.
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Figs The most extreme case showing the spread of mortars after completion of the flow test
(SABS Method 862 Part I). All mortars had an identical content of cement (3 kg) and river sand
content (18,84 kg) and «a water:cement ratio of 1,5. The mortar in the top picture containing no
lime spread to 660 mm. The mortar on the left containing Type A2 lime (3 kg) spread to 380 mm
while the one on the right contuining Type 2AP (3 kg) lime spread to 390 mm. Smialler proportions
of lime also appeared to reduce the flow, althougl not as significantly.
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4.2 Hardening and Strength Gain

According to Sims™, who was concerned about the aging of masonry dams, “lests conducted on large
samples of masonry (from 1931-19835) show that the strength achieved by mortar made of hydraulic
lime and of cement (presumably portland cement) are not much different from each other, and not
much less than cement concrete. The principal difference between these materials is the speed of
setting. They reach a similar comprer 2z strength of about 30 MPa after about two years. The lime
miortar sets considerably more slowly than cement, indeed the early specifications allow it to be used
up to 24 hours after mixing. At 28 days, lime (presﬁ__mébiy hydraulic lime) mortar usually had a
strength of about 15 MPa.”

Pure hydroxide-based mortars (ie. with zero portland cement content), stiffen as evaporation and
suction by the masonry remove some of their free water, Compared with cementitious mortars,
subsequent hardening occurs much more slowly and by different chemical processes.

. Calcium/magnesium hydroxides react with carbon dioxide to revert to the original stable carbonates
found in nature. This re-carbonation, hereinafter referred to as carbonation, occurs from the surface
moving inwards at a rate which depends upon the permeability and relative humidity of the mortar.
At very low humidity, carbonation is precluded by #l .o ence of water films through which CO,can
diffuse and at very high humidity, CO, cannot easily penetre the water filled pore spaces. A relative
humidity of about 50% has been observed to coincide with the maximum rate of carbonation in
portiand cement concrete®" 2ud would probably also be optiinal for lime mortars.

In addition to carbonation of lime, a pozzolanic reaction may also take place. The high pH
environment of a lime mortar makes non-crystaline siliceous particles more soluble, allowing them
to react and form a calcium silicate hydrate cementing material. Burnt clays in the form of pulverised
roof tiles and pottery have been found in samples of Roman concrete and are likely to have contributed
to its strength when pozzolanic sands were not available®*3?, Vitruvius, Faventius and Palladius®®
all prescribed the addition of a third part of crushed earthenware to mortar when ‘river sand’ was
used, which suggests that it was intended to act as a substitute for pozzolana when active, non-
crystaline sand was not available.

So-called *hydraulic limes’ which could set under water, albeit slowly, were manufactured before the
discovery of portland cement, by calcining specially selected argillaceous limestones (limestones
streaked with bands of clay). These clays contain the essential ingredients; soluble silica, alumina
and iron oxide, required to react with Ca(OH), to form calcium silicate hydrates; a reaction
independent of air. John Smeaton investigated many sources of limestone to produce an hydraulic
mortar that might survive the onslaught of the sea for the foundations of the Edystone Lighthouse®?,
He conciuded that, contrary to popular belief at that time, “she niost pure limestone was not the best
Sfor making mortar, especially for building in water, but that limestone intimately mixed with a
proportion of clay, which is by burning converted inte brick, is made to act more strongly as a
cement.” The Edystone Lighthouse and several hundred dams®?, many of which still survive today,
bear testimony to the fact that hydraulic lime mortars do set and survive underwater. Rankine®®
(1866), was probably the first engineer to document the comparative strengths of various mortars with
and without pozzolans. Although his mix proportions, testing details and procedures remain a
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mystery, and should therefore net be compared with material strengths used today, it is nevertheless .

worth noting the significant long-term contribution to the ciomp:essive strength afforded to the mix
by the addition of pozzolana.

Table 3 Crushing strengths of mortars after 18 months reported by Rankine®?, Sixteen years after
these mortars were mixed, the common lime mortars were reported to gain a further strength
increase (probably largely due to carbonation) of an eighth, and the hydraulic mortar an increase
of a quarter. Thiswould imply that, like carbonation, theé pozzolanic reaction alse continues for

a long time.
. Strength | Strength
TYPE OF MORTAR (psi) (MPa)
Mortar of lime (presumably non-hydraniic) and river sand 440 3,0
Mortar of lime and pit sand (probably containing some clay) 800 5,5
Hydraulic mortar of lime and beaten tiles 930 6,6

Addis™ has reasoned that because limes sold in Sonth Africa are not hydraulic, they cannot be used
to replace cement, but may be used in addition to cement. If we assume that the added lime's only
contribvtion towards the strength of the niix is by carbonation, then this reasoning is sound. However,
me .. - ash cement blends often possess an abundance of pozzolana to react with the lime and
resusn .. long term strength development. The simple experiments, reported in Figures 6 and 7,
confirm this assertion, The first experiment, reported in Figure 6, compared the effect of adding lime
(eqqual to the weight of cement) to a 5:1 river sand;15% fly ash cement biend. The second experiment,
reported in Figure 7, explored the strength developments of cubic mortar specimens containing equal
volumes of fly ash and lime (no other binder) immersed in water, and kept dry.
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Tig 6 Experiment to determine the effect of ime addition upon compressive strength of a 5:1 river
sand:15% fly ash blend mortar. (1,17 water:cement ratio, 23 kg sand, 4,3 kg cement and 4,3 kg
Type A2 lime)
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Fig7  The strength development of mortar bound wirk equal volumes of fly ash and lime,
(Nominal volume mix 1:1:2 lime:fly ash: river sand)

These tests are by no means exhaustive but they do confirm that the addition of lime to cement
mortars does not appear to prejudice their compressive strength, The strength gain in the specimens
containing Jime, shown in Figure 6, is probably a result of a pozzolanic reaction between the lime and
the fly ash and possibly also by the so-called ‘fine filler effect’ described elsewhere'?, In contrast,
where the same lime was used to replace cement (25% by mass of origin~l cement) .nis was found to
reduce the strength of the mortar by 45% at 28 days and 44% after 90 days. “urther research is
needed to establich whether there is an optimum ratio of fly ash to cement and hune to best utilise
these ingredients.

4.3 Durability and Autogenous Mealing

Before the cdvent of modern portland cement, in the first half of the nineteenth century, rubble
masonry structures relied catirely upon lime and/or clay as the binder material for the mortar matrix.
¥ .mdreds of these ancient RMC structures have stoou the test of time in an exemplary manner as a
tcstament to the potential long-term durability of lime mortars. In fact, many are still in service today,
having survived centuries and a few have lasted over 2000 years.

Studies®™™* of aging and deterioration of ancient lime mortars seem to indicate a performance loss

mainly as a consequence of an increase in porosity due to soft-water leaching and thermal changes
such as freeze-thaw cycling.
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Calecium hydroxide (Ca(OH),) is slightly soluble in water. The colder and softer the water, the greater
its solubility. (0,08 g of Ca(OH), will saturate 100 m¢ of water at 100 °C and at 0 °C this limit more
than doubles to 0,17 g/100 me.) Freshly placed mortar, containing calcitic lime, is very vulnerable
to leaching of the Ca(OH), by cold soft-water such as the snow-melt which drains in mountainous
regions. If this water is flowing, as opposed to stagnant, it will be even more aggressive because it
continually transports the dissolved Ca(OH), away from the mortar and it never becomes saturated.
By contrast, magnesium hydroxide {Mg(OH), (brucite)} is far less soluble than calcium hydroxide.
(0,0009 g of Mg(OH), will saturate 100 m¢ of water at 0 °C.) Therefore, it may be prudent to specify
autoclaved dolomitic limes for use in aggressive soft-water environments.

Moist or dissolved Ca(OH), will react with CO, , either in the air or dissolved in the water, to form
calcium carbonate (CaCO,) according to Equation 1.

Ca(OH), + CO, = CaCO; + H,0 Eqn 1

During carbonation, of lime, the molecular mass and density increase as a molecule of CO, (molecular
weight 44,01) bonds to each molecule of calcium hydroxide (molecular weight 74,07) to form calcium
carbonate (molecular weight 100,07). Under the relatively low stresses experienced by hardening
mortars, the calcium carbonate forms hex-rhombic crystals known as calcite (see Figure 8), which
occupy about 4% more volume per molecule than the hexagonal calcium hydroxide crystals**. This
slight volumetric increase is no doubt very effective in plugging relatively small pores and hairline
cracks, thereby reducing the permeability of the masonry. Once carbonated, the exposed mortar
surface becomes relatively insoluble in soft-water (0,0065 g of CaCO; will saturate 100 mé of water
at 20 °C), thereby affording protection to its inner mass which may continue carbonating for hundreds
of years. However, if the mortar is relatively porous or the cracks are too big, the process of
dissolution will continue unabated as fresh water is constantly introduced and the solute is continually
removed.

Fig8 Hex-rhombic structure aof calcite.

** The molecular volume increase, as Ca(OH), is converted to CaCO;, can be calculated by dividing each
compennd’s molecular mass by its respective specific gravity, SG of Ca(CH), = 2.078 and SG of CaCO, = 2.700.
Similarly the molecular volume change, as Mg(OH), is converted to MgCQ, , is at least 12%.

14.15



In the unlikely event of an excess of dissolved CO, in the water, over and above that consumed to
cause carbonation, the process of decomposition may be substantially accelerated. This excess CO,
(known as aggressive CQ,) is free to react with water to form carbonic acid (H,CO5), according to
Equation 2, which further reacts with CaCO; to form calcium bicarbonate (Ca(HCO;),) according to
Equation 3. )

Co, + HO
H,CO, + CaCO,

HCO; Egn 2
CaG{COJ)z Eqn 3

]

~ Unlike calcium carbonate, calcium bicarbonate is very soluble in water and is thus more readily
removed.

Thus, it might be argued that the addition of a dolomitic lime to a cement mortar may be beneficial
in combatting soft-water attack by virtue of its inherent insolubility and by rendering the mortar less
permeable, thereby blocking access to the aggressive water.

4.4 Ductilivy and the ability to accommodate movement

Small movements induce higher stresses in more rigid, brittle assemblages than they do in
assemblages which possess a greater degree of accommodation by their ductility and resilience.
Numerous authors have commented on the ductility and resilience which appear to be afforded to
mortars by the addition of lime. Alexander®” is reported to have measured increased deflections at
maximum load in simply supported brick masonry beams loaded vertically when a portion of OPC
was replaced by lime. Boynton™ cites the case of builders of high industrial masonry chimnc s who
desire a refatively weak but ‘rich’ mortar of 1:2:5 (cement;lime;sand) which is reported to be very
flexible and resilient. Such chimneys, that are 115 m high, are known to sway as much as 600 mum
in winds of 130 km/h. Straight-cement mortars are found to be too rigid and biittle for this purpose.
However, despite these claims, the literature appears lacking in quantitative data on the elastic/plastic
deformation of lime mortars or even the shape of their load-deflection curves. In an effort to explore
these phenomena, 2 compressometer with LVDT (linear volt~ge displacement transducers shown in
Figure 9) was used to measure the effect of adding lime to a .5% fly-ash extended cement mortar
(with mix proportions presented in Figure 6 and tested after 90 days of immersion). The stress-strain
curves derived from the plotted load-deflection curves of prisms (200 mm X 100 mm X 100 mm) are
presented in Figure 10, The greater toughness measured in the specimen containing lime, as
evidenced by the slight increase in area under its load-deflection curve shown in Figure 10, would
appear 1o be a mere consequence of the additional strength gain.

Ductility is a property usually afforded to materials by metallic bonds or amorphous structures and
very seldom by covalent and ionic bords commonly associated with cements, concretes and rocks.
Part of the answer to the mystery of the origins of lime mortar ductility, may lie in their prolonged
green period before substantial strength gain occurs. By means of X-Ray difftaction analysis of
hydrated pastes, Kassman ef al.® have discavered that calcium hydroxide is more amorphous than
crystaline. In this amorphous state, mortars are likely to be more tolerant of small movements. It is
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therefore a fortunate coincidence that the rate of settlement and movement of most structures tends
to be greatest during their construction and that this rate gradually diminishes with time. The slower
stiffening and setting of mortars containing lime probably enables them to accommodate these
movenients at the most critical time.

Fig9  Compressometer for plotting the load-deflection curve of mortar prisnts.

[ With added lime

~

Control
{Straight cement sand mortar)

Stress (Mpa)

. . 3 3 N +
T Y +

o 4000 gooo 12000 16000 20000 2,000

Strain X 104

Fig 10 Stress-strain curves derived from single loud-deflection plois of mortar prisms with and
without lime addition after 90 days inumersion.
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45 Permeability and Efflorescence

Lime is probably the oldest waterproofing admisture for concrete. Many reservoirs and dams
constructed in the USA during the first half of the twentieth century contained small additions of lime
(1-15% in terms of weight of cement) to reduce permeability®™. Advocates of this admixture claimed
that it achieved its objective by acting as a filler material to fill voids, thereby densifying the concrete;
rendering the paste less permeable as a result of its colloidal nature; improving the workability,
thereby minimising segregation and honeycombing, aﬁd by permitting a lower water:cement ratio.
It would appear that this reduction in permeability may ;{ot be realised where lime is substituted in
place of portland cement. Perrie® has found that replacing a portion of OPC with an equivalent
volume of lime (SABS 523 Type A2) did not result in a reduction in permeability.

Efflorescence is cansed when water carrying Ca(OH), in solution passes through a permeable portion
of a RMC dam. On reaching the downstream face, the water evaporates depositing the Ca(OH),
which then carbonates to form unsightly calcite. Counter intuitively, despite efflorescence being
caused by Ca(OH), , its addition to mortar for RMC dams may actually reduce efflorescence on the
downstream face, if it is successful in reducing the permeability of the mortar, since this would reduce
the volume of water flowing through the masonry and correspondingly the volume of transported
solute.

4.6 Curing

The excellent water retention properties of lime may help to combat premature loss of moisture by
masonsy suction and bleeding. Furthermore, the reduction in permeability, as a consequence of
adding lime (as opposed to replacing cemsnt with lime), may reduce the rate of diffusion of gasses
and water within the mortar, thereby combatting drying, Finally, the chemical process of carbonation,
as shown in Equation 1, gives rise to one surplus molecule of water as each hydroxide molecule which
is transformed into a carbonate molecule. This water must presumably benefit the hydration process
of portland cements and pozzolans,

4.7 Economy and Practicality

Hydrated lime is probably the cheapest admixture to produce since it costs less to make than even
cement (at least in terms of energy). However, it is increasingly difficult to purchase and where it is
available, the price of 25 kg bags is beginning to include a scarcity premium. Nevertheless, 25 kg
bags of lime can still be obtained at a significantly lower cost than 50 kg bags of cement blends
(volumetrically equivalent to 25 kg bags of lime) from special'st lime distributors in Johannesburg.
It is envisaged that, depending upon the specific properties of the sand available, additions of lime
admixture, ranging from as litile as 1% to as much as possibly 15%, might yield the desired effects.
The practical problem will be {0 ensure that the unsophisticated workforce mixes the mortar in the
correct proportions and that a system is implemented to preclude the possibility of 1 to 15% cement
being added to a lime mortar. Ideally, it would be most convenient to purchase bags or silos of
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specially blended and ready-to-use, masonry cement, containing the right proportions of cement, lime
and fly ash, but without an air entraining agent.

4.8 Consequences of Adding Teo Much Lime

An excess of lime results in a very sticky mortar with large air voids which become impossible to
tamp out; in facl the very act of tamping seems to increase these voids, Such a mortar also develops
an excessive drying shrinkage becavse lime putty shrinks even more than portland cement paste when
it dries. Figure 11 shows a 100 mum test cube of lime putty (no aggregate whatsoever) which exhibited
a linear shrinkage of 5% (that is a 15% volumetric shrinkage), in less than one month due to drying.

Fig 11 Drying shrinkage of a 100 num lime putty specimen in less than one month. The line.,
shrinkage is more thar 5% and the volumetric shrinkage is more than 15%.

5 CONCLUSION AND RECCMMENDATIONS

he addition of a small proportion of hydrated lime (even as little as 1% by mass of cement) to a fly-
a h extended cement-river-sand RMC mortar has been shown to be extremely effective in reducing
bieeding, Furthermore, the addition of lime does not appear to reduce the strength of mortar. Indeed,
the results of this investigation would indicate that both the short and long-term compressive
strengths of mortar cubes may be enhanced by the addition of lime, provided they arz kept moist.
Thus, it appears that the lime and fly-ash may engage in a long term pozzolanic reaction. Such a
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reaction could logically be anticipated within the hearting mortar of thick RMC monolithic dam and
arch bridge structures, which have a substantial cross-section, and are protected from drying by the
outer masonry. In addition to these beuefits, it has been argued that lime may also afford RMC
mortars several other benefits including better water reteation, resistance to early cracking,
autogenous healing properties and reduced permeability. However, the addition of excessive
quantities of lime may result in large entrapped air voids and high levels of dessication shrinkage.
The exact type and quantify of lime admixture required for a RMC mortar will depend on the
aggressiveness of the environment and uvon the ri}'br-sand’s grading and shape respectivedy.
Structures which will be immersed in aggressive soft~3vzifcr (particalarly cold, flowing water) may
benefit from the addition of less soluble autoclaved dolomitic or magnesian limes which contain
magnesium hydroxide as opposed to only calcium hydroxide. River sands with a uniform particle size
and/or sands which lack sufficient fines betow the 300 nm particle size will require more fime than
ideal sands. The exact amount of lime required to reduce bleeding 1o an acceptable amount can only
be established by trial mixing. As a point of departure, 5% to 10% lime addition, by weight of
cement, is proposed,
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A MTCHANICAL METHOD OF SENSITISING ELECTRONIC STRAIN
MEASURING DEVICES IN RUBBLE MASONRY STRUCTURES

R.G.D. Rankine University of the Witwatersrand

ABSTRACT

The very high stiffness and low service stresses
encountered in rubble masonry structures make live-load
induced strains difficult to record with con.entional
electronic strain gauges. A simple mechanical strain
amplification device is proposed to multiply tensile or
compressive strains over a short length onto which
electronic strain gauges are honded. Calibration of
the device, practical limitations governing the scope
of amplification and some ©possible future research
challenges are discussed.

BACKGROUND

The abundance of uneducated and unemployed people in
Southern Africa has resulted in a recognition of the
need to promote manual construction ' methods to enhance

employment creation. The wuse of a building material
{which is described more comprehensively
elsewhere [1)); consisting of natural uncut stones
placed manually in a matrix of cement mortar, has
arvused great enthusiasm amongst +tliose iprtent on

increasing the employmenlt content of their rrujects.
Several dams and bridges [2-11] have been built using

. this technigue, and it has proven to be a cost
effective,’ soclially acceptable and aesthetic
alternative +to more conventional structures. A lack of
knowledge of the magnitude and nature of the strains
experienced in these structures has been identified as
an obstacle to their widespread adoption by at least
one authority [11]J. A theoretical and experimental




investigation at The University of the Witwatersrand
{1,6] has been undertaken in an effort to develop more
efficien. structures of known reliability in future.

In a pilot study, strain measuring devices {(electronic
strain gauges attached to opposite faces of concrete
prisms), were embedded into a bridge structure to
measure live-load induced strains. However, the
magnitude of the recorded strains was a fraction of
what had been anticipated. - Even electrical
amplification of the signal to- .the threshold of
possibility (without generating undue noise) proved
unsu.cessful in capturing this data.

Consequently, an improved mechanical strain multiplving
embedment device was conceived, developed and refined.
Strains as low as 10-9 can now be measured and four
of these improved < devices have been calibrated and
installed in a bridge structure in Giyani in the
Northerr Province,

DESCRIPTION OF THE IMPROVED STRAIN CELL DEVICE
The device (shown diagrammatically in Fig 1) consists

of a slender, thick walled hollow steel tube with a
reduced cross sectional area over a fraction of its

length, onto which, electronic strain gauges are
bonded. Both ends of the tube are mechanically

fastened to stiff steel plates to transfer any strain
in the structure directly to the +tube, The entire
len .th of the tube is kept debonded from the
surrounding mortar by means of a plastics conduit to
prevent any transfer of load to the adjacent structure
between its ends.

The +tube section was deliberately chosen because of its
optimal radius of gyration to resist buckling, thus
enabling the device to measure compressive strains as
well as tensile strains. The electronic strain gauges
are bonded onto the surface of the necked region in a

wheatstone bridge formation in such a way as to
preclude the influences of temperature induced strains
and bending stresses within the tube. Downward

manipulation of ‘the fraction of the cross sectional
area within the necked region to that of the remainder
of the tube results in a corresponding local increase
in stress and hence strain within the neck. Less
obviously, manipulation of +the 1length of the reduced
fraction (relative to the total length of the tube),
also affects the local strain within the neck.

Table 1 quantifies the contribution of each governing

ratio to the strain amplification factor, the
derivation of which is presented below:-
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NOTATION

Rigid anchor plate
A a

L

4
Y

&y = Avarage longitudinal strain between anchorages
En = Longitudinal strain in the neck

£r = Longitudinal strain in the non-necked region

a = Cross sectional area of the necked region

A = Cross sectional area of non-necked region

L = Length between anchor plates

¢ = Length of necked area

f = Ampiification factor

Ern = Enx 8/a (EQN 1)

AL

1l

Enxt +Er(L-9 (EQN 2)

= Enx¢ +Eyx38a (L-¢  (Substituting EQN 1 into EQN 2)

< AL
= |
N T A (L9 Ean )
Al
& = T (EQN 4)
En
f = — (EQON 5)
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AL L -~ i
= X {Substituting EQNs 3 & 4 into EQN 5)
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STRAIN AMPLIFICATION

g/LA/a 1 | 23| 4|5 |10] 2| 50100
101 1[4 N ERERE
05| 1 |133]150]1.60|1.67 | 1.82|1.90 |1.96 | 1.98
02 | 1 |167|214|250|278 | 357 |4.17 | 4.63 | 4.81
01| 1 |4.82|250] 308|357 | 526680 |647 | 0.17
005| 1 |1.90|273]3.48 | 417 | 6.90 |10.26|14.49]16.81
002 | 1 |1.96 | 2.88 | 3.77 | 4.63 | 8.47 |14.49|25.25 |33.56
0.01 | 1 | 198 | 2.4 | 3.88 | 481 | 9.17 |16.81|33.56 |50.25

Table 1 Contribution of relative dimensions +to the
amplification factor.

It 1is interesting to note how the law of diminishing
returns appears to limit the achievable amplification.
There are very real practical limitations governing the
length of the neck and its minimum thickness. The size
of the four strain gauges themselves impr-e a lower
1imit on the area of the neck and the . :ight and
strength of the +tube material 1limit the minimum
thickness to which the neck can be reduced. Placing
the necked region close to one of the ends of the tube
goes a long way towards reducing the bending stresses
{within the neck) likely to be incurred in service.

CALIBRATION

Calibration is achieved by straining the entire device
by a predetermined strain measured as the average
displacement displayed in two horizontally opposed
clock dial gauges (see Fig 2). The necessary force to
achieve +this 1is developed by rotation of an extremely
fine pitched machine screw attached to a lever arm so
as to increase its purchase. The strain cell is
suspended in tension from a bicycle chain to preclude
the interferences of any bending moments and torsion.

15.6



FUTURE RESEARCH CHALLENGES

1) Innovations to further enhance the mechanical
strain amplification might arise through the
combination of two materials with dichotomous
elastic properties in the same strain cell. The
material with low elastic modulus would be used in
the necked region to promote strain and the stiffer
material used throughout the remainder of the
device to minimise strain. If aluminium (which has
an elastic modulus of about 67 GPa) were combined
with steel (which has an elastic modulus of about
200 GPa}), the amplification factor could be
increased a further threefold. The challenge to
overcome is to develop a reliable mechanical
connection between t two materials.

2} There 1is a great need to develop instrumentation
for measuring small strains in structures such as
dams which take +tvast periods of time to load and

unload. Electronic strain gauge output tends to
drift over long periods of time as a result of
influences such as temperaturc and voltage

fluctuations.

3} New improved strain cell amplifiers are currently
being employed at The University of The
Witwatersrand to determine simultaneously the
elastic moduli (in compression) and poison’s ratios
of rubble masonry cubes containing various
combinations of gevlogical aggregates and mortars.

CONCLUSION

The extremely small strains encountered in rubble
masonry structures are almost impossible to detect with
conventional electronic strain gauges since incremental
electronic gain amplification is rapidly accompanied by
unacceptable noise generation. A simple integrated
mechanical strain amplifier, which is shaped to amplify
local strain only over the 1length onto which strain
gauges are bonded, 1is proposed as a solution to this
problem, Practical <constraints severely govern the
extent of achievable amplification of the prototype but
it is proposed that further developments might arise
through the combination of materials - xhibiting
dichotomous elastic moduli.
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RIGID ANCHOR
WATERPROCE CABLE EMBEDMENT PLATE
TO ELECTRONIC TO TRANSMIT STRAINS

DATALLOGGER

PVC CONDUIT TO
PREVENT MORTAR FROM
BONDING WITH THE TUBE

T

SR

Fig 1 Diagrammatic representation of an . integrated
mechanical strain cell amplifier for recording small
strains in rubble masonry structures.




Fig 2 Apparatus for mechanical calibration of an
integrated strain cell amplifier. A partially
assembled strain cell can be seen on the extreme right
of the photograph.
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bridge structure in the Bolobedu community near

ig 3 Measuring 100 kN live-load induced stresses in
zaneen in the Northern Province.
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Fig4  An expensive commercially available hydraulic vehicle weighing device.

!

i

Fig5  Custom-built, affordable axle weighing device made by attaching hydraulic presure ganges to
read the oil pressure within 5 tonne bottle jacks. Because the jacking points are not directly beneath the
wheels, the instruments must always be used in pairs directly under the axle to measure axle load.

These instruments (together) cost less than 1/30th of the cost of the imported device shown in Figure 4.
15.11



DISCUSSION

E O’Brian (Experimental Stress Analysis Group. British Aerospace Airbus)

“I can’t help but wonder why you didn’t use a more appropriate technique of strain measurement such
as Moir€ interferometry or glass scales. Iknow of a case where the entrance to a railway tunnel in the
UK was covered in patterned wallpaper and the strain in its surface measured by an observer from
within a moving train. In your case, you need just have plastered one of ihe external elevational faces
of a rubble mason:y bridge with wallpaper and observed the interference.”

R.G.D. Rankine

“I am no expert on the subject of strain measurement by intsrferometry but at an early stage, after some
debate with colleagues, I dismissed this method for two reasons. Firstly, the rubble finish is far from
smooth and plain; hardly an appropriate surface to receive ‘wallpaper’. Secondly, I have my doubts
about the continuity between the facade masonry and the heasting masonry since, according to the
current South African p.actice, these two types of masonry are infrequently placed simultaneously and
seldom tied with tie stones (see Fig Al). If you or anyone else has personal experience in overcoming
these problems or if you know of some text which could provide me this practical guidance, I would be
grateful ané willing to try it. We did seriously consider the use of glass scales, some of which have
adequate sensitivity, but unfortunately the cost of one scale together with its mecessary accessories
exceeds my entire research budget.”

Fig Al Facade masonry being laid against the hearting masonry after the structure became
serviceable. Currently, in South Africa, the facade masonry is not placed at the same time as the

hearting masonry and tie stones to bond the tivo together are seldom used.
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R G D Rankine, M Gohnert and
R T McCutcheon

Proposed guidelines
for the design and
construction of rubble
masonry concrete arch
bridges

Synopsis
Practical design and construction iderations, other than detailed ia
peci ions, are di d with to precedent, I testing and

(henreucal madetling. The ckoice of site and pasitioning of the rubble masonry
concrete (RMC) structure in relation to the flow of the river is critical. 1deally,
these structures should be founded on, and anchored to, bedrack. Aperture size
should be maximized and the structure should be designed to preseat the mini-
mum obstruction to the flow of water and debris, Three methods of str sctural
analysis are discussed, including a finite ele.nent model that is used to explore a
typical arch structure’s sensitivity to four different apertuce shapes ol equal area
as wellasacircular arch’s resp to in water. A parat p

was found to be optimal in li g tensile st in the masonry and submer-
sion was demonstrated to increase these tensile stresses by as much a5 20 per cent.
Cracks were modelled at points of tension and shown to play a useful
role in relieving tensile stress without compromising stability. An inference is
drawn that these structures are sufficiently tolerant of the magnitude of geomelri-
cal errors expected from the use of low-level skills and limited supervision. Con-
sideration of several failure mechanisms indicates that the RMC arch problem is
primarily one of equilibrium rather than of materizl strength and that steuctural
stability without reinforcing can be ensured.

Samevatting
Praktiese ontwerp- en konstruksieoorwegings, buiten gedetailleerde
malenaalspesmkns;es, word bespreek met verwysing na voorafgaande
P g en lellering. Die keuse van terrein en
isi g van die lwerkpui {(MPB) sh'ukluurxelauefln!dm\loen
van die nvlensknues.Dle ideaal sdathnerdle strukture op rotsbodem gefundeer
en g mget wees. Op 8SE moet ‘n maksi wees and die
struktuur moet ontwerp word om die minkmum steurnis op die vloei van wateren
1te hé. Drie d )| led k. Ditsluitin

van struk ing word b
‘n eindige-elementmodel wat gebruik ward am die sensitiwileit van ‘n tipiese
boogstruktuur teencor vier openingsvorme van gelyke oppervlak te bepaal, sowel
as ‘n sirkelvormige boog se reaksie op g in water. ‘n Paraboliese open~
ing blyk optimaal te wees in die beperking van trekspannings met tot soveel as 20
persent. Krake is gemodelieer by punte van maksi trek enspeel ‘n nuttige rol
in die verligting van trekspanning sonder om die stabiliteit in gevaar te stel. n
Gevolgtrekking is gemuak dat hierdie strukture vt - draagsaam genoeg is om die
orde van geometriese foute wat verwvag kan word weens die gebruik van laervlak
vaardnghcdc en beperkte toesig te hanteer. Oorweging van verskeie
swlgmegnmsmes toon dat die MPB-boogprobleem priméreen van e»\emg iseerder
as 1 le stabiliteit sonder wapening g g kan
word.

endat
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Introduction

Arch construction firstappeared in the andient civilization between the
Tigris and Euphrates, some 2 (00 years before the Roman conquest. The
oldest stone arch bridge survives at Smyrna, Turkey, and was built in 900
BC(Peet, 1966). Most remaining masoncy arch monuments show evidence
of a serious effort to cutand shape the stones so that the joint planes were
thin and perpendicular to the principal stresses (at feast at the edges, if
not the core), probably to reduce dependence upc:: the strength of the
ancierit lime mortars by relying on the bilateral constraint offered by flat
stone faces perpendicular to the dilating mortar. However, there are ex-
ceptions, such as the stone bridge shown in Fig 1. Thus, with superior
modern Portland cement mortars (as opposed to traditional lime mor-
tars) and correct design, it seems reasonable to speculate that rubble ma-
sonry concrete* (RMC) bridges have the potential to serve mankind as
well as their dependable forefathers.

The RMC arch bridge of recent times was pioneered by the Zimbabiwe-
ans during the Rhodesian War of Independence (1973 1 1980). Their meth-
ods of design and construction evolved empirically and by serendipity,
often at the expense of an entire structure being washed away by floods
or being circumnavigated by an obstinate river. Theirexperienice can there-
fore provide a significant reference to spare other developing couniries
from making the same costly mistakes. Unfortunately, their vatuable

* Rubble masonry concrete is a composite building material comprising largs ir-
regular stonzs manually embedded in a mortar matrix for employment-intensive
infrastri oure. Tt reguires little skill k. assemble and has recently been successfully
used to construct many significant dams and bridges in southern Africa.
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knowledge and experience has not been meticuloushy collated and dis-
seminated. Consequently, many RMC bridge structures continue to be
built in other parts of southern Africa without the benefit of this know-
ledges, and indeed without any specific guidelines or standard code nf
practice, Furthermore, a quagmire of confusion on the subject of arch analy-
sis appears to torment many designers « f RMC bridges, Indeed, Rankine
etal(1993) report on a current praciice of modelling RMC arch bridges as
equivalent frames, necessitating the consumption of vast quanuties of re-
inforcing steel in both horizontal directions Lo "resist the bending moments
generated between the points of support’,

Fig1: Ancient pack-horse stone bridge in Watendlath Cumberland,
England

Choice of site Jocation and foundations

The first stage of arch bridge design involves the selection of a suitable
site. Upan this single decision rests the ultimate success of the entire projet.
IFa good site is chosen, the bridge may be builtin harmony with nature
and be economic; if not, it is lable to be washed away by the first flood.
Ideally, such a site should offer the following:

L. Bedrockbeneath all arch abutments.

2. Astraight section of the river or stream with well defined banks that
will enable the bridge ta cross perpendicular to its flow.

3. Moderately inclined banks that are neither too steep nor too shaflow,

50 an to obviate the need for vulnerable and costly approach works.

Shelton (1983) has cited the undermining of foundations by river flow
(which accelerates around obstructions) as being the most common single
cause of fow-level bridge failure in Zimbabwe. Al too frequently RMC
bridges are built as part of rural road upgrading projects on old drift sites,
which were deliberately situated on wide sandy stretches of the river where
the flow is shallow. These sites are often far above good founding mate-
rial. In such cases, the construction of adequate foundations becomes very
difficult and is likely to compromise the financial viability of most RMC
bridyge designs. Founding on unstable silty material is dangerous, owing
to the tendency of riverbed material to becore liquid, a phenomenon
that has been reported to occur at depths as great as between 2 m
{(Mainwaring and Hasluck, 1985) and 10 m (Mainwaring, 1995) below riv-
erbed. While some designers (Rankine et al, 1993) might argue that it is
often not possible, or indeed economic, to found RMC bridges on bed-
rock, Shetton (1983) reminisces that never once was he unable to find a
site thatoffered exposed rock Fightacross the riveras a foundation (Shellon,
1985).

Where a bridge is built as a skew crossing or on a curve of a river, the
designer runs the risk of his structure being damaged or made completely
redundant. The skew crossing tends to channel the stream towards one of
its banks, particularly when it becomes blocked by debris during fioods.
The chance of that abutment being damaged is greatly increased if it is
not founded on bedrock, Centrifugal furce of a river at a bend tends to
channel the flow towards the oubside bank, particularly during floods,
and the presence of the structure merely serves to accelerate this flow and
enhance erosion. In such cases, rivers have been known to cut complete
new channels around bridges, and remain permanently realigned, neces-
sitating the construction of new structures (Mainwaring and Hasluck, 1985;
Shelton, 1985,
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Incases where river-bank gradienis require significant modification, the
viability of the st ucture is likely to be comwvromised. Earth fill approach
embankments are a tempting shorteut, but are notorious fr being washed
away by floods (Mainwarirg and Hasluck, 1985; Shelton, 1995). Any built-
up approach produces appreciable obstruction to the river’s flow, as it
acts like a weir. Therefors, built-up approaches should be treated as a con-
tinuum of the bridge structure, They should be provided with apertures
to reduce their obstruction and be as structurally competent as the bridge
itself, Excavated approaches ‘in cut’ are preferable, but are liable to be-
come choked with debris during floods, necessitating clearing afterwards.

Founding on rock

Where bedrock occurs atabutment sites, the economy of an arch bridge
is likely to be excellent, since the problem of providing a suitable founda-
tion to resist not only its weight butalso its theust has already been solved
by nature. Where this rock is reasonably plane and perpendicular to the
line of thrust, arches can be sprung directly frc . the rock surface. Where
this is not the case, the casting of concrete bases to levels upon which
formwork can be erecled is recommended. In both cases anchorage via
socketing andor dowelling is recommended.

Founding on material other than rock

Where itis not possible to found on bedrock (owing to its non-existence
atanaccessible depth) and the prevention of liquefaction of the riverbed
below the foundations can be ensured, there may be justification for the
use of piles, bases or a reinforced concrete raft foundation, Consideration
should be given to the maintenance of the horizontal reaction toarch thrust
atabutments in case the structure, or indeed the riverbed, should move.
Fig 2 proposes one practical way in which this may be achieved where a
bridge is founded on bases. Where piled foundations are used, some raked
piles inclined sub-parallel to the line of thrust may achieve the same re-
sultand in cases of bridges built on raft foundations, reinforcement of the
slab may be used to tie both abutments together. In the absence of bed-
rock, resistance to transient loading may also be achieved by the use of
raked piles and/or by increasing the width of the structure. Bases should
be designed to minimize the danger of undermining by scouring during
floods and also to provide the required bearing area, 5o as not to exceed
the bearing strength of the river bed. To guard against the scouring action
of the foundations, scour protection from one abutment to the other, ter-
minating at cut-off walls on the leading and trailing edges, is required.
The cut-off walls, particularly on the downstream side, mustbe built toa
depth below which liquefaction of the riverbed material is deemed un-
likely, urs - 70 less than about 2 m. In many rural areas, such as the North-
ern Province, gabions are deliberately not used as scour protection be-
cause the wire is frequently stolen. RMC, rip rap or grouted stone pitch-
ing has been preferred instead.

Founding partly on rock

Although bridges with alternate abutments founded on rockand other
material respectively do exist, the practice is not recommended. A 3,7 m
radius arch bridge, in the Sekhukhune area in the Southern District of the
Northern Province, founded partly on rock and partly on clay, was re-
ported to have been severely damaged during a flood in 1995 (Grobler et
al, 1995). The abutment founded on clay is understood to have been un-
dermined.

Farces ta be resisted

Arch bridges and their foundations need to withstand transient water
loads during floods, self-weight, traffic loads, internally generated arch
thrustand possibly load redistributions caused by foundation distortions.

Transient loading

Bridges with a small aperture fractior: produce an appreciable obstruc-
tion to a river’s flow, frequently aggravated by driftwood blocking the
flow through the apertures, effectively forming a weir. Overtopping must
therefore!  considered as an important loading condition, since it will
cause significant lateral load and possibly overturning of the structure, as
demonstrated by the collapse ot an arch bridge after very heavy local rain
reported by Konishi (1987). Flood loading is defined as & transient load
and mustbe considered in combination with buoyed-up self-weight, but
not with traffic loads. Data concerning actual values of flood-water pres-
sures may be sought from other sources (Konishi, 1987) or from an assess-
ment of water depth provided vy the Department of Transport guide-
lines. The required moment, to restore stability against overturning, may
be calculated by taking moments about the base of the downstream face,




assuming the buoyed-up weight of masonry tobe nomorethan1 400 kg/
m?*. Tall single-lane bridges are likely to require anchorage to resist this
eventuality.

Traffic loading

An assessment of appropriate standards for rural roads (CSIR Report
No 92/466/1) has considered the traffic that is likely to use the rural roads
for which most RMC bridges are designed. The recommendation is made
that NA and NB24 vehicle loads, as defined by TMH 7 (1981), should be
used. The maximum vehicle loads that the bridges are required to with-
stand are thus 16 wheel loads of 60 kN each, consisting of four rows in two
pairs. Each row of wheels is separated by a minimum of 2 m, and each
row has four wheels spaced 1 m apart across the bridge. The wheel con-
tact area may be defined by a square with a 240 mm side. If more ambi-
tious structural designs are attempted, for example bridges to carry traffic
on natjonal roads, then NB36 loading would appear to be appropriate
(where the maximum wheel load is 20 kN and the wheel contact area may
be defined by a square with a 300 mm side). Where a structure is to be
covered with fill and/or a sub-base, the compaction equipment used may
subject the structure to a more severe point load, particularly if a steel
roller acts directly on the rough rubble finish.

Methods of structural analysis

Although there appear to be no reported incidents of live-Joad-induced
RMC bridge failures, their reliable analysis is a prerequisite for optimal
design solutions for given locations and the construction of more ambi-
tious structures in future. Numeraus authorities including Tellett (1986),
Hendry (1990), Page (1993)and de Bruin (1996) have reviewed a variety of
methods of structural analysis of arch bridges, both simple and complex,
with which arch bridge designers ought to be acquainted. Traditional de-
sign philosophy assumes that arch masonry possesses good compressive
strength but zero tensile strength, and aims to prevent the formation of
tension within the masonry by limiting the resultant line of thrust to lie
within the middle third of the arch ring.

This is easily achieved in arches that carry eithera pure uniformiy dis-
tributed load ora pure pointload. In the former case, for example, where
the arch is required only to supportits own weight, it would always meet

these conditions, provided it approximated the shape of an inverted cat-
enary. The inverted catenary arch perfectly traces its line of self-weight-
induced thrust, just as a chain sags reciprocally in perfect tension. In the
latter case, where the arch has only to supporta point load, it would qualify
for these conditions if it had a triangular shape whose apex coincided with
the load. However, upon the application of point loads to the catenary
arch, tensions quickly develop. Where the point load is static, such ten-
sions can easily be alleviated by distorting the catenary arch shape to-
wards that of a triangle. However, when the pointload may be dynamic,
asis always the préblem in bridges, the solution is rather more complex
since the arch ring must be capable of accommodating each unique shape
of line of thrust as the load moves across its deck. This is achieved in prac-
tice by thickening the arch ring and/or by increasing the dead-weight of
the structure itself and/or by tolerating a small amount of tension within
the arch. Itis generally assumed that the material is infinitely strong in
compression and that, provided the reaction to thrust is maintained, a
failure condition is reached when the line ox' thrust reaches the outer faces
of the masonry at no fewer than four points, converting the structurcinto
a kinematic mechanism by the formation of hinge peints where the line
of thrust alternately coincides with the intrados and extrados of the arch.

Three possible kinematic mechanisms are illustrated in Fig 3 for elemen-
tary point loads, from swhich it can be seen that hinge points are always
formed on alternate sides of the arch. The diagrams show the lines of
thrust originating from the point loads as straight lines. This is not only
conservative, but unrealistic, since the line can be straight only if the struc-
ture itself is weightless. The true line of thrust is defined by the path fol-
lowed by the resultant of all the forces acting on the arch across its span,
including self-weightand external actions. Hence, the true lines of thrust
willbe bent favourably away from the intrados, However, the heavier the
point load in relation to the weight of the structure, the straighter the line
of thrust will become. Determination of the position of this true line of
thrust may be obtained by calculation {Boothby, 1995} or by a graphical
method (Curtin, 1982) of analysis. Fig 4 shows an advanced stage of col-
lapse in two model arches with four and five hinges.

Calculation of the position of the line of thrust
The arch is divided into equal segments with point loads emanating

18% 4580 1

450 ACAD BASE

Fig2: A praposed arch bridge foundation de-
sign for soils. The inclined foundation
abutments are intended to maintain the
reactions to horizontal thrust in the
event of subsidence. Wing walls and
scour protection have been omitted for
clarity.

UPSTREAM / DOWNSTREAM ELEVATION

Fig 3: Possiblearch ring kinematic hinge fail-

ure mechanisms that may occur pro-

vided reaction to thrust is maintained.
The straight lines of thrust jimply that
the structures are weightless,
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Five-hinge concentric load Five-hinge double load
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from their centres representing the self-welght of the structure, including
the road and fill. Reactions are determined by taking moments about as-
sumed hinges, and the position of the line of thrust relative to the intrados
(measured vertically) is determined accordingly. A value that falls outside
of the arch ring indicates an incorrect assumption of hinge position.

Graphical determination of the position of the line of thrust

Ideally, this method of analysis is best performed with a computer-aided
drawing program to ensure graphical accuracy. The practice of perform-
ing the analysis provides the arch designer with an ‘intuitive feel’ with
which to anticipate the consequences of future modifications to various
arch design parameters, particularly regarding the contribution of self-
weight in maintaining equilibrium. The worked example shown in Fig 5
considers a 90kN wheelload at mid-span to be a point load shared equally
between the two halves. Because of its symmetry, only one half is consid-
ered:

1. Thearchisdividedinto an arbitrary number of equal segments {seven
in this case). The weight of each segment (comprising the self-weight
of the structure, including the road, fill and live-load) is represented
asa pointload emanating from the centre of each segment.

Figd: Model arches demonstrating advanced five-hinged concentric
(left foreground) and four-hinged eccentric (right background)
load collapse mechanisms

2. Horizontal thrust at the upper third of the crown is calculated by tak-
ing moments about one of the reactions (assumed at A in this case).

Hxr=50x21+6x18+7x15+8x12+12x09+ 12x0,6 + 11x03
~H x1,5=157,2 kKNm (substituting r)
S H = UM 8KN

3. The force diagram is plotted, using Bow’s notation (o the left-hand
side).

Starting horizontally at the ceown reaction, the line af thrust is plotted
on the arch profile parallel to the equilibrium vectors on the force dia-
gram: 0-0 to the middle of the first segment, changing slope to 0-30 to
the middle of the second segment and so on. The fact that the line of
tirust plotted daes not exactly intersect point A signifies that this as-
sumed reaction pointas not precise.

5. The process is tepeated for different load conditions and/or arch shapes

Ee

el R g

DT e

and is used to determine violation of design criteria such as the forma-
tion of kinematic mechanisms or the middle third rule.

Finite element analysis and the evaluation of a simple model

Until recently, finite element computer models for the analysis of arch
bridges were tou sophisticated for most designers, They typically required
very expensive computer hardware and software and the finite mesh had
tobe generated manually, a pracess that took much longer than graphical
arch design methods. A newly released bvo-dimensional plane strain pro-
gram, Prokon, was made available to this initiative for the analysis of RMC
arches. Given a gric spacing within the limitations of its capacity, the medel
is able to quickly generate its ovrn mesh and therefore easily accommo-
date design changes. Moreover, itis  *to model structures comprising
more than one type of material and can therefore accommodate addi-
tional overburden layers such as fill, sub-grade and base-course and, in so
doing, distribute concentrated wheel loads over the masonry. However,
additional overburden layers do not normaily form partof an RMC bridge
structure and there may be better ways of modelling the resistance of fill.

1 1e model’s limitations include a restriction to assumed linear homo-
geneous material response and its inability to model independent behav-
iour in compression and tension, thus precluding it automatically allow-
ing cracks to develop. Furthermore, it makes the assumption that the foun-
dations are infinitely stiff, an assumption perhaps realistic when found-
ing upon rack, but questionable in soils. Required input includes an esti-
mation of material properties, namely density, stiffness and Poisson’s ra-
tio, as well as imposed point loads and UDLs. it assumes the materials to
be homogeneous and allows the user to manipulate the mesh size to
achieve an acceptable compromise between detail and processing time.
The output data include quantified maximum compressive and tensile
stresses, together with their co-ordinates and stress vectors, as well as de-
flections and their co-ordinates.

Geometrical considerations and failure mech,

Every effort should be made to minimize the bridge’s obstruction to
the flowing river, particularly when itis in flood. Large apertures are less
likely to become blocked and require maintenance, The arch designer
should therefore always aim to make apertures as big as possible. Shelton
(1985) recommends a minimum span of at least 5 m over any river worthy
ofits name.

Zimbabweans (Mainwaringand Hasluck, 1985; Wootou and Stephens,
1987) have found thatinclining the upstream elevation of the bridge, with
awedge of additional masonry, assists in Jifting debris over the top of the
structure ana clearof its openings. Dos Santos (:993) proposes a catenary
bridge deck (lowest at the centre of the river) to encourage overtopping
of the structure at midstream to preventscour from eroding theapproaches
and abutments, Kerbs and guide-blocks should be kept discontinuous to
decrease obstruction to debris and flood water {dos Santos, 1993).

Finite element analysis applied to a typical structure and the explora-
tion of aperture shapes

Table 1 shoss some effects of four different aperture shapes, each with
an equal cross-sectional area of 2,3 m* A two-dimensional plane strain

Table I: Maxtmum masonry tensile and (compressive) stresses and deflections at
mid-span {mm) in an RMC bridge with a constant aperture of 2,3 m? and
NB36 wheel-loading at various distances (defined in terms of fractions of
arch spans) from mid-span
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Fig5: Graphical method of determination of the position of the arch’s
line of thrust, Each of the seven segments is 300 mm wide,
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finite element model, Prokon, was used to compare i1+ by o7 SiTe e
and deflections at midspan. The structure was designed & «no ¢ tempo-
rary deviation road as partof a national road rehabilitatio: pogramme in
the Northern Province and was the - eture designied to with: w18 NB36
leading. The assumed material preperties, including a 150 mm sub-*ase
immediately below the road lev:] and a granular fill between the sub-
base and the road level, are presented in Table 2.

A sensitivity analysis revesied a 100 mm grid interval, for generating
the finite element mesh, to yield slightly higher stresses than both larger
and smaller spacings. As well as being conservative, this grid size was found
to produce acceptable detail withoutexcessively compromising the process-
ing speed. A 1 m wide elevational section was assumed to carry the entire
300 mm wide NB36 wheel load. This assumes a load spread of only 350
mm, on either side of the wheel, over a depth of about 800 mm. A single
axle load was found to represent the most critical load case in the short
span structure under consideration. However, readers are cautioned that
more complex axle combinations would, in all probability, represent criti-
cal load cases on more ambitious structures with greater spans.

Calibration and interpretation of the model’s output

A glaice at the maximum stresses confirms their very low orderof mag-
nitude. A companson of these values with recorded live-load-induced
stresses (measured with electronic resistance steain gauges) in a similar
structure by Rankine et al (1995) confirms that the model is predicting
stresses of a realistic order. Unfortunately, the measuring apparatus used
was found to be insufficiently sensilive to record the minuscule service
strains with much accuracy. Consequently, animproved mechanical strain
amplifying device has been developed and refined to permitaccurate cali-
brations (Rankine, 1996). However, it scems extremely unlikely thata struc-
ture (with the typical proportions of the one investigated) could fail as a
result of masonry crushing. They are far more likely to fail in tension, in
which case the trianguler shape would fail first, as its load rolls one-sixth
of its span off-centre, followed by the gothicarch with its load mid-span,
followed by the circular arch with its load five-twelfths off-centre, followed
by the parabola loaded mid-span. The parabolic shape, as adopted by the
Zimbabyweans for proprietary precast shells (Shelton, 1995; des Santos,
1993) as permanent formwork, would appear to be optimal in limiting
arch tension. However, the circular arch should prabably be retained for
ordinary construction, since parabolic formwork would be very difficult
to construct with the humble resources available ta most developing ru-
ral communities. An inference that may be deduced from the insensitivity
of these structures to significant changes in aperture shape is their toler-
ance of considerable geametric inaccuracies, such as the exact arch shape
and road level as well as formwork deformation. They would most cer-
tainly accommodate the magnitude of setting-outerrors {of about 100 mm)
that dos Santos (1993) anticipates from an unsophisticated workforce with
limited supervision.

Finite element modelling of tension cracks and collapse mechanisms

Table 3 presents data generated by the model when triangular tension
cracks are introduced by substituting triangular areas, at points of maxi-
mum tension, with a material of greatly reduced stiffness. Ir: both cases
the tensile stresses were inversely proportional to crack length, confirm-
ing that the cracks facilitate the relieving of tensile stresses. The corre-
sponding increases in compressive stress remained lower than the maxi-
mums recorded in Table 1. Thus, even after load redistribulion, conse-
quent upon cracking, failure by masonry crushing remains extremely
unlikely. Fig 6 contrasts the tensile stresses before and after cracking, The
very small‘post-crack’ tensile stress at the extrados to the right of the crown
indicates the approximale origin of another tensile crack that needs to
oceur to create the fourth hinge prerequisite to the formation of a kin-
ematic mechanism before the arch will collapse, Fig 7 shows this mecha-
nism in action. However, this is extremely unlikely to occur, since this ten-
sile stress is probably too low to cause a crack, and even if it succeeded the
abutments and fill would be able to resist al but a cataclysmic kick of the
hinge.

The coarseness of the aggregate interfock in RMC inakes voussoir and/
or haunch sliding failure mechanisms (Baker, 1987) extremely unlikely,
even in severely cracked structures.

Buoyancy compensation in the estimation of self-weight

Self-weight plays a crucial role in the maintenance of arch equilibrium,
since the heavier the arch structure itself, the greater its tolerance of point
loads, As the arch becomes submerged, upon a sising water level, a pro-
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portion of its weight, equal to its displaced volume, will be relieved. Thus,
cour :-intuitive as it may appear, in supporting the structure and mak-
ing it lighter, buoyancy also makes it weaker. The effect is significant con-
sidering that, upon immersion, the weight of RMC would be reduced by
about42 per cent from, say, 2 400kg/m*to1 400 kg/m* The phenomenon
is even more pronounced where lower density base coarse layersare ap-
plied as fill sbove a structure. Table 4 presents the results of a finite ele-
ment znalysis that quanlitatively expleres the changes that occur as the
same arch bridge is relieved of its displacement. The analysis was made
simply by reducing the material ‘density’ of the immersed materials by
1 000 kg/m*

The structure loaded mid-span experiences a 20 per cent increase in
tensile stress as it becomes immersed. This is a result of the fabric being
called upon to restore equilibrium upon the removal of dead weight. The
reason this increase in tension does not appear to be mirrored by a
compressive stress increase is because, unlike the tensile element, the
compressive stresses are a composite of both the fabric and gravitational
reactions. The fabric compression reaction oppeses the tensile forces within
the structure to maintain equilibsium. As the fabric reaction increases in
proportion to load, as it must to maintain equilibrium, so the gravitational
reaction diminishes at a faster rate. In this case, the rate of gravitational
decrease appears to accur at about twice the rate nf the fabric increase,
reflecting a net decrease. The observed decrease in mid-span deflection
(raising of the deck) supports this hypathesis.

Table 2: Material properties adopted for th 1 analysi
Material Elastic modulus (G} Doissout’s ratio Density (kg/m')
RMC 28 02 2 400
Granular fill 0,12 033 1 800
Subbase 02 035 1 800

Table3: Stress and deflection changes as a consequence of cracking at points of
maximum tension under wheel load
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Anchorage and resislance to transient loading

Anchorage against sliding and overturning from transient food-load-
ing; may bestbe achieved by socketing into bedrock and or grouting pre-
cranked anchor bars into pre-dritled holes. Although standard jackham-
mier diill steels may be capabls of forming a hole suificiently large to ac-
commudate 25 mm nominal diameter reinforcing bars, it may be preter-
able to use a lesser diameter bar to ensure a good grout surround. Bar
spacers obvivusly help te achieve this cover. The practice of deaning the
hole with high pressure seater and air and then Jilling the hole swith liquid
grout and placing the anchor into the grout enhanees bond, cover and
Fesislance to corrosion, 1F the grout settles, the hole may be lopped up
wilh more grout. The projecting bars should be sulficiently Tong and am-
ply embedded into the structure to preclude masanrey tensile failure im-
miediately above the proximal end. Furthermore, the projecting bar should
notbe embedded directly in RMC; a cavity of about 2000 mim indiametery
Shoutd be left around the bar and subsequently filled with a cement-tich
high slump concrete to increase the bar aggrepate interhock, thereby al-
fording greater pullout resistance. Anchorage may be further improved
Dy linking the anchor bars with transverse seinforcing steel secured within
the crooks’ of their cranked radii.
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Fig7: Unlikely four-hinged kinematic collapse mechanism



Centring or formswork

Traditionally, timber has been used as centring for arches for many hun-
dreds of vears. Recently, the high cost of timber has challenged builders to
consider other alternatives. One method deployed in the Northern Prov-
ince uses corrugated iron roof-sheeting pre-cranked to the intrados ra-
dius (Rankine et al, 1993; Grobler et al, 1995). In the case of large radii,
these sheets are propped by gum-poles until the masonry becomes self-
supporting (see Fig 8). A shortcoming of this method is that frequently,
upon construction loading, the form distorts asymmetrically. To preclude
this possibility, the use of stiff plywood profiles, onto which the ribs and
sheets are atlached, is proposed (see Fig 9). The adjustable jacks and the
use of short sections, as opposed to one continugus form, are intended to
reduce the difficulty of stripping and preventdamage during handling to
facilitate maximum reuse.

Fig8: Cranked corrugated iron sheeting and gum poles used as cen-
tring in the Northern Province

Another method, claimed to cost only 25 per cent of the previous
method, uses 50 mm saplings spanned between temporary masonry pro-
files over which old cement packets are draped (Rankine et al, 1993; Grobler
et al, 1995). However, the sag between points of support and the much
rougher finish increases the risk of blockage, reduces hydraulic area and
may cause unacceptable turbulence in fast-flowing water.

AZimbabwean company (Shelton, 1983; dos Santos, 1993) has patented
a proprietary precast concrete permanent form shell named a shelvert,

WAOE UF EN Ted 6 WETRE SECTIONC
FOR EASY HANOELVRABILITY K STRIFFING

/ CALA0 NITH CURVER CONAUGATED
RODFING SHEETS CRAWCED 10 &
1, 2n AADILS SIPEVED 0 TUMEER

W
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.
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TOJUSTIELE BASE JIEKS

ISOMETRIC VIEW

Fig9: Proposed plywood stiffening to prevent distortion of the circu-
lar symmetry
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which is delivered to site in two haives. Once joined at the crown the
structure is stable and capable of supporting load without any reliance
shatsoever upon the strength of the spandrel masonry (see Fig 10). One
advantage of the system is that it is not limited to a circular intrados.

The small bridge (shown in Fig 11) at De Vasselot Tsitsikamma National
Park became unserviceable as a result of corrosion of its steel liner after 25
to 30 vears of service, The top of the liner remains extremely well pro-
tected, by zinc and bitumen; however, its bottom, which is subject to abra-
sion, has corroded away in the high chloride environment. Itis proposed
that the existing liner be reused as centring for an RMC structure without
any additional support. Corrosion will eventually consume the centring,
leaving a permanent and attractive RMC arch.

Placing of RMC

With the exception of the smallest streams, construction should be re-
stricted to the dry season, when many southern African rivers cease to
flow, to minimize the risk of flood damage whilst the new structure is
most vulnerable. Nevertheless, to guard against the freak occurrence of
anout-of-season flovd, large apertures should be left in the formwork to
allow water to pass under the structure. The stockpiling of river sand will
also ensure that the contractor is able to continue working should the
riverstart to flow,

The radial placing of stones, with respect to their longitudinal axes,
around the apertures (as is shown in Fig 1) is recommended to derive
maximum benefit from the bilateral constraint afforded by the flatter sur-
faces. The placing of stones in horizontal layers (with their longitudinal
axes sub-parallel to the principal stress trajectories), as is presently the
custom, has been shown (Rankine et al, 1995) to reduce the compressive
strength, because the stiff inclusions tend to cleave the matrix apart rather
than tie it together.

Arrangements for the curing of masonry, particularly in hot dry weather

4% &

e Il "l
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4

Proprietary precast concrete shells used as permanent formwork
in Zimbabwe. The parabolic shape is highly efficient in mini-
mizing tensile stresses in the structure. (Photograph courtesy
of Fort Concrete Zimbabwe)

Fig11:  This corroded steel liner can be used as centring for a perma-
nent RMCbridge replacement
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and over weekends, are imperative, since interfacial borid, and thus ten-
sile strength of the composite, is dependent upon cure.

Toints in multiple-span bridges

Although joint details in multiple-span RMC bridges have seldom beer.
implemented in practice and no reported structural failures have been
attributed to their omission, there is some argument for their insertion.
She'ton (1995) cautions against the possibility of the formation of inclined
tention cracks created as a cansequence of foundation movementand/or
temperature drop. The cracks would naturally tend to occur near the thin-
nest section at the crown and with continual thermal pumping may cause
misalignment of the deck (see Fig 12). Varkevisser {1993) recalls an RMC
bridge in Makumbura, Zimbabwe, that was cracked right through its
crown, probably as a result of differential foundation settlement, yet it
remained serviceable for many year:.

The provision of vertical contraction joints from foundation to bridge
deck between successive openings is an obvious solution to the problem.
Such joints may be formed by building alternative sections of masonry
and then painting the joint surfaces with lime-wash before building in
the remaining intermediate masonry. Although discontinuity of moments
and tension is desired at the joints, aggregate interlock should be fostered
for the transfer of shear to preclude arch sections from sliding relative to
their adjacent neighbours. Consequently, the practice of building these
joints against smooth shutters or by the inclusion of planar bond breakers
is not recommended.

TN
-

i
i

Fig12: Possible inclined tension crack caused by contraction and/or
foundation movement

Road surfaces

In the absence of layer-works, the RMC finish is typically too rough and
uneven foruse as a running surface for traffic, Screed toppings have been
used (Rankine et al, 1995), but they tend to crumble and wear quickly
(Addis, 1986). The Zimbabweans recommend a 30 MPa concrete slab about
150 mm thick (unreinforced) and 100 mm thick if mesh reinforced (dos
Santos, 1993).

Maintenance

Praperly designed and constructed structures are virtually mainteriance-
free. However, even the apertures of the best structures are prone to be-
coming fouled and need to be cleared of driftwood and other debris from
time to time. Scour, once detected, must be attended toimmediately, par-
{*eularly when the structure is not founded on rock.

Conclusion

The competitive advantage of RMC arch bridges is very dependent on
their situation. Ideally, a bedrock foundation and a straight section of
stream with moderately inclined banks is required. The positioning and
geometry of the structure must be designed to minimize obstruction to
the flow of water and debris, A graphical method of determining, the po-
sition of the line of thrust and a plane strain finite element model for struc-
tural analysis are proposed. The finite element model was used to explore
the sensitivity of a structure to four different shape apertures of a con-
stant area and the structural response of a circular arch to submersion. A
parabolicaperture was found to be optimal in limiting tensile stresses, but
is unlikely to succeed the circular arch for the latter’s simplicity of con-
struction. The effect of buoyancy was der onstrated to increase tensile
stresses within the arch and thereby reduc  its capacity to support point
foads.

Failure by cracking in tension was considered a possibility and simu-
lated theoretically, revealing that the cracks facilitated the alleviation of
tensile stresses. Other modes of failure, including a hinged kinematic
mechanisin, were considered and shown to be extremely unlikely to oc-
cur in the structure investigated. Hence, it would appear that the critical
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case of the RMCarch is governed ot by material strength, but by equilib-
rium, and that these structures may be d2signed to provide good service,
without the provision of reinforcement.

This paper was submitted in December 1997,
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DISCUSSION

Proposed guidelines
for the design and
construction of rubble
masonry concrete arch
bridges

The original paper is by R G D Rankine, M
Gohnert and R T McCutcheon

Practical design and construction considerations, other
than detailed specifications, were discussed with refer-
ence to precedent, experimental testing and theoretical
modelling. Consideration of several failure mechanisms
indicated that the RMC arch problem is primarily one of
equilibrium rather than of material strength and that
structural stability without reinforcing can be ensured.

Fig 1: The Ingwe Causeway

This techinical paper was originally published int Journal 40(3), 1998.

Rod Rankine is a lecturer at the School of Concrete Technology at the Ce-
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T G Kowalski

Lam wholly in agreement with the authors of this timely and interesting
paper regarding their guidelines and want to contribute cerlain aspects
of an RMC multi-arch bridge designed in 1983 while with the KwaZulu
Department of Works, which may be of intetest tc other practitioners.

My bridge, which I called ‘The Ingwe Causeway", crossing the Sundays
River in Northern Natal had particulatly severe river flow conditions. To
illustrate this, a low-level RC slab bridge previously completed a few kilo-
metres further downstream had most of its spans not only damaged and
some reinforcing exposed but jammed full with large boulders rolled down
by a powerful current. With this in mind a robust design was adopted
with all piers shaped to withstand the impact of the rolled smoath boul-
ders, some estimated to be 80 kg *o 100 kg each. To cater for these condi-
tions, the massively sized piers had projecting half-round upstream breast-
worksand elongated fins at the back of each, which in turn were intended
to smooth the highly turbulent flcw and minimize downstream cavita-
tion observed in several similar cases (Fig 1). The pier centres were at 3,9
m and arch spans 2,6 m, with a 1:4 rise to span ratio. The massive pier size
and the proximity of rock permitted one-by-one span erection. The
shuttering for the atches consisted of purpose-made segmental steel an-
gle grids (Fig 2 overleaf) assembled in two easily transportable halves and
propped with either adjustable props or gum-poles. The top segmental
angle surfaces were decked with log halves which together resulted ina
rigid and easily stipped shutter.

The bridge was designed for overtopping and was overtopped on sev-
eral accasions without significant damage. Having retired from KwaZulu
to start my small consultancy in 1994, 1 do not know its present state. 1 do
know, however, that other similar spans have been successfully erected in
KwaZulu using these ‘standard’ shutters.

The authors’ paper is additionally useful in focusing on the medium of
rubble masonry concrete. Socially it has a valuable but presently underused
potential to provide rural employment. And using RMC, as indicated in
my references, other types of structure« can equally be built cost-effec-
tively in areas of South Africa similar to KwaZuvlu-Natal.

References

1. Kowalsld, T G. 1994, Simple stone structures. Technical Note, KwaZulu
Dept of Works, 2nd Printing, April 1994,
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L} Groblér

Lagree that the chaice of site is an impartant consideration in the design
of rubble masonry concrete arch bridges. The authars propose that, ‘ide-
ally, such a site should offer ... bedrock beneath all arch abutments ... {
would argue that the impartance of the choice of site applies as much to
many other bridge design types and should thus not be seen as a factor
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Authors’ reply

We gratefully acknowledge these contributions
from bwoengineers whoare experts on the sub-
ject, having had first-hand experience in build-
ing several notable structures with rubble ma-
sonry.

Mr Grobler's testimony to his success in
founding economically viable structures on
material other than rock seems encouraging.
However, our hesitation in recommending this
practice arises from Zimbabwean experience
(reported in our paper) where structures,
founded at depthsin excess of 2 m below river-
bed level, have been undermined and washed
away. Many of the rubble masonry structures
recently built in South Africa are founded on
materials other than rock, less than 2 m below
riverbed level. Fortunately, many of these struc-
tures : ::.rse small tributary streams that are
dry fur most of the year and consequently the
risk of them being damaged by flooding may
be acceptably low. However, as far as we are
aware, there is insufficient data available to

THREA W
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Fig 2: KwaZulu standard shutter

that limits the application potential of this empowerment-friendly design
type if compared with other types.

In the absence of bedrock, the authors prapose the construction of ‘bases
orreinforced concrete raft foundations, ... scour protection from one abut-
ment to the other, ... and cut-off walls ...". T was involved in the design,
construction and monitoring of a number of multiple opening masonry
arch causeways not founded on rock. Applying the remedies as proposed
by the author rendered this design type technically feasible and economi-
cally viable compared with alternative designs.

Shelton reminisces about his experience in Zimbabwe that ‘never once
was he unable to find asite that offered exposed rock right across the river
as foundation’, In the planning of more than 40 river crossings in the
Northern Province I experienced almost the opposite. The difference in
experience appears to stem from specific differences in geology and de-
mography.

The authors consider transient loading as a factor that limits the appli-
cation of masonry arch bridges because of the relatively small “aperture
fraction’. The paper deliberates on the mechanism of overturning and
Fow to model it. It would, however, be most useful if the fimits at which
tne masonry arch relative to alternative designs become unstable under
flood conditions were determined. [ argue that the larger weight of the
masonry arch counteracts the effect of its larger obstruction. The net ef-
fect could well be that it is more stable under flood conditions. I observed
several deck and rectangular cell structures being overturned, but have
not observed the same in respect of a masonry arch.

The much Jess expensive arch formwork system of placing wood poles
on masonry arch falsework walis is described. The point is made that its
‘rougher finish increases the risk of blockage, reduces hydraulic area and
may cause unacceptable turbulence’. The paper does not quantify the
practical significance of these effects, which is doubtful.

The paper provides adequate proof that cracking of the arch does not
affect the stability of the structure. It proposes, however, that the ‘obvious
solution (to manage cracks) is the provision of vertical contraction joints
from foundation to bridge deck between successive openings’. Consider-
ing the failure mechanism confirmed by practical cbservations that eracks
normally occur at the crown of the arch, and considering that with differ-
ential movement of the footing rotation of adjacent arches occurs in op-
posite directions around the pier support, to me the obvious solution is to
provide cantraction joints at the crown. This has the additional benefits
that any differential movement of adjacent footings would not cause un-
controlled cracks in the crown, and the thickness of piers can be reduced.

1L is clear from the paper that the stone masonry arch design is techni-
cally sound and practical to construct; however, the mentioned disadvan-
tages and possible problems — which could deter some engineers from
using it --are either not verified for their significance in practice, or apply
also to other designs anyway.
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quantify this risk with reliability. Unfortunately,
our study was precluded from investigating
this hydrological subject in depth. Research to
address this question is urgently required. In
the absence of such knowledge, it may therefore be prudent to assume
that all flooding streams may render their beds incapable of supporting
loads founded within a depth of 2m.

Mr Grobler’s point that the greater mass of an arch structure off-sets its
tendency to be displaced by the stream flow is noted, but our papar does
make reference to several masonry arch structures that were nevertheless
destroyed by transient loading. Hence, we would encourage engineers to
check the stability against overturning by taking moments about the down-
stream toe of the structure ssuming total aperture blockage, thereby
buoying up the structure and reducing its siabilizing mass.

‘That our paper fails to quantify the increase in drag coefficient due to
the use of wood poles and cement packets as ceniring is true. The practi-
cal eftect may be difficult to measure since the rougher finish is more likely
to snare driftwood and flotsam Such centring would therefore be better
suited to structures with large aperfures,

We agree that the provision of joints at the crown of arches (three-pinned
arches) would probably best facilifate differential movement of adjacent
footings without causing uncontrolled cracks near the crown. The main-
tenance of shear transfer force across this joint is critical. Thus, it is essen-
tial that the joint be constructed with stones projecting to ensure aggre-
gate interlock.

We are aware of Dr Kowalski's first reference and wish to include a
sketch (Fig 3) extracted from it svhich proposes an innovative solution to
the problem of maintaining the horizontal reaction to an arch’s thrust, by
means of a reinforced tie slab, in the absence of bedrock founding mate-
rial.

Daesses

Fig 3: Rubble masonry arch aperture with integrated scour protection
seinforced with steel to maintain the horizontal reaction to thrust gen-
erated by the arch
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