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CHAPTER 1

THE PHILOSOPHY AND ROLE OF SHOTCRETE IN UNDERGROUND GROUND
SUPPORT

1.1 Introduction

Shotcrete occupies a distinct and often misunderstood role within underground construction
and mining engineering. While it belongs to the broader family of cement-based materials, its
behaviour, performance, and structural contribution differ fundamentally from conventional
cast concrete.

In traditional concrete construction, the majority of structural performance is determined at
the time of casting. The geometry is fixed, the formwork defines the shape, reinforcement is
positioned in advance, and the concrete cures under relatively controlled conditions. Once
hardened, the structure largely behaves as an independent load-bearing element.

Shotcrete does not operate under these conditions.

In underground environments such as tunnels, shafts, and mine excavations, shotcrete is
applied directly onto exposed rock surfaces, often within minutes or hours after blasting or
mechanical excavation. The surrounding ground is already deforming. Stresses are
redistributing. Rock blocks may be loosening, dilating, or relaxing as confinement is
removed.

For this reason, shotcrete cannot be viewed solely as a material. It must be understood as a
construction process that interacts continuously with the ground. This distinction is critical.

The performance of shotcrete is influenced not only by its mix design or compressive
strength, but by how, when, and where it is applied. Application thickness, surface
preparation, nozzle technique, early strength development, curing conditions, and timing
relative to excavation advance all directly affect its structural contribution.

Two shotcrete linings with identical laboratory strengths can perform very differently
underground. This occurs because shotcrete does not act in isolation. Its primary function is
to work together with the surrounding rock mass to form a composite system. The rock
provides stiffness and load capacity. The shotcrete provides confinement, surface support,
and load redistribution.

In this context, shotcrete acts less like a conventional concrete wall and more like an active
stabilising skin.
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Engineers trained primarily in cast concrete design often approach shotcrete as a thinner or
reduced-form lining, assuming that its role is simply to resist compressive or bending
stresses in the same way as a cast structure. This assumption has repeatedly led to design
errors, inappropriate specifications, and unrealistic performance expectations.

In practice, shotcrete rarely carries load in the same manner as cast concrete. Its
effectiveness derives from three primary mechanisms:

1. Interaction with the rock mass
2. Timing of installation
3. Confinement and restraint of deformation

These mechanisms are interdependent and cannot be separated.

Interaction refers to the bond and mechanical engagement between the shotcrete layer and
the rock surface. When applied correctly, shotcrete adheres to irregular rock profiles,
penetrates surface fissures, and restrains small-scale movement of blocks and wedges. This
interaction transforms loose rock into a more coherent mass.

Timing is equally important. Shotcrete applied early, before significant deformation occurs,
can prevent loosening and dilation. The same shotcrete applied hours or days later may
serve only as a protective coating, with far less structural value. Early application allows
shotcrete to participate in ground behaviour rather than react to it.

Confinement is the result of this interaction and timing combined. By limiting rock movement,
shotcrete increases the effective strength of the surrounding ground. This confinement effect
often contributes more to excavation stability than the compressive strength of the shotcrete
itself.

A common real-world example occurs in hard rock mining. Immediately after blasting, the
rock mass experiences stress relief and minor movement along joints. If shotcrete is applied
within the first advance cycle, it can lock these joints in place. If application is delayed, the
same joints may already have opened, reducing the effectiveness of the lining regardless of
strength.

For this reason, shotcrete performance cannot be evaluated purely through cube or core
tests. Laboratory strength provides necessary quality control, but it does not define structural
behaviour underground. Field conditions, application quality, and construction sequencing
often dominate performance outcomes.

Understanding shotcrete as a process rather than a product is therefore essential for
effective design, specification, and site control. Engineers, supervisors, and operators must
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recognise that shotcrete derives its value from integration with the excavation cycle, not from
material strength alone.

This principle forms the foundation for all subsequent chapters in this manual.

1.2 Shotcrete as a response to excavation-induced disturbance

The act of excavation represents a sudden and unavoidable disturbance to the natural
equilibrium of the rock mass.

Before excavation, the rock exists in a state of stress balance. In situ stresses act uniformly
through the ground, and confinement provided by the surrounding material allows joints,
bedding planes, and microfractures to remain tightly closed. Even fractured rock can remain
stable under these conditions.

The moment excavation takes place, this balance is disrupted.

In hard rock mining environments typical of Southern Africa, drilling and blasting remove
confinement almost instantaneously. The exposed excavation boundary experiences an
abrupt change in stress conditions, with compressive stresses redistributed deeper into the
rock mass and tensile stresses developing near the surface. These tensile zones form even
in strong and competent lithologies such as norite, quartzite, basalt, or dolerite.

Rock is inherently weak in tension. When tensile stresses exceed the low tensile strength of
the rock, microcracking initiates. This cracking is rarely visible immediately, but it represents
the beginning of surface degradation. This process begins within seconds of excavation.

Stress redistribution occurs almost immediately after blast damage and continues as the
rock mass adjusts to the new geometry. In the minutes and hours following excavation, joints
begin to relax, small blocks attempt to rotate, and discontinuities experience dilation as
confinement is reduced. This behaviour is time dependent.

The rock mass does not fail in a single event. Instead, deformation develops progressively
as stress seeks a new equilibrium state. Early movement may be small, measured in
millimetres, but it is mechanically significant. Once dilation occurs along joints or fractures,
the condition of the rock surface changes permanently.

Dilation refers to the opening or relative movement of discontinuities. When this happens,
interlocking asperities are damaged, contact areas are reduced, and shear resistance
decreases. Even if the joint later appears closed, its mechanical properties have been
degraded. This degradation is irreversible.
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No increase in shotcrete thickness applied at a later stage can fully restore the confinement
that existed prior to dilation. Additional thickness may improve surface stiffness or provide
containment of loose material, but the original rock mass integrity has already been
compromised. This principle explains why late support is fundamentally less effective than
early support.

In practical mining terms, this can be observed in development ends where shotcrete
application is delayed. Initially stable faces may begin to shed small slabs or generate minor
rock noise within hours. When shotcrete is eventually applied, it often serves as a retention
layer rather than a true stabilising system. By contrast, when shotcrete is applied early,
before noticeable movement occurs, it can actively restrain deformation and preserve joint
interlock.

Shotcrete derives much of its effectiveness precisely from its ability to intervene during this
early phase of excavation response.

When applied soon after blasting, shotcrete bonds to the rock surface while joints are still
tight. As minor deformation attempts to occur, the shotcrete layer provides restraint,
converting potential movement into compressive stress within the lining. This restraint
creates confinement.

Confinement increases the apparent strength of the rock mass and reduces the likelihood of
progressive failure. The shotcrete does not need to be thick or strong at this stage. Its
primary role is to limit deformation, not to carry full structural load. This is why early age
strength development is critical.

Shotcrete that achieves rapid initial strength can begin contributing within minutes or hours,
even at relatively low compressive values such as 1 to 2 MPa. At this stage, its function is
not structural resistance in the conventional sense, but deformation control.

A common real-world example occurs in deep-level hard rock development. Immediately
after blasting, shallow exfoliation cracks may develop parallel to the excavation surface. If
shotcrete is applied early, these cracks are restrained and do not propagate. If application is
delayed, the cracks extend deeper, leading to slab formation that no reasonable shotcrete
thickness can fully stabilise.

For this reason, shotcrete should be understood as a response to excavation induced
disturbance rather than as a permanent lining applied at convenience. Its primary purpose is
to control the early mechanical response of the rock mass, allowing the excavation to
stabilise under managed deformation conditions.
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This understanding forms a central principle of modern underground support design and
underpins the rationale for early support systems used in both mining and tunnelling
practice.

1.3 The concept of early confinement

The primary function of shotcrete is not load bearing in the classical structural sense. Unlike
cast concrete linings, shotcrete is rarely intended to resist full rock loads through
compressive or bending capacity alone. Its most important contribution occurs much earlier
in the excavation life cycle, during the initial response of the rock mass to stress
redistribution.

That contribution is early confinement at the excavation boundary. Early confinement refers
to the restraint of rock movement immediately after excavation, before significant
deformation or joint opening can occur. This restraint alters how the rock mass responds to
unloading and prevents the development of unstable failure mechanisms.

When shotcrete is applied to freshly exposed rock, it bonds to the surface irregularities and
adheres to the asperities of joints and fractures. This bond allows the shotcrete layer to span
small discontinuities, shallow cracks, and minor block boundaries. By doing so, outward
movement of the rock surface is restrained.

This restraint directly limits dilation along discontinuities. As joints attempt to open or slide,
the shotcrete layer resists this movement through tensile and shear interaction at the
interface. Even small amounts of restraint can have a significant stabilising effect. The
importance of this mechanism lies in how it modifies the stress path of the rock mass.

Without confinement, stress relief at the excavation boundary leads to tensile cracking, joint
opening, and progressive loosening. Microcracks begin to coalesce, small wedges form, and
local instability can develop into larger-scale failure. With early confinement, this progression
is interrupted.

By limiting deformation at an early stage, shotcrete prevents the transition from
microcracking to macro instability. The rock remains interlocked, joint roughness is
preserved, and load redistribution occurs more smoothly into the surrounding mass. In this
respect, shotcrete behaves similarly to a membrane.

Its role is not to carry large compressive loads, but to hold the surface together and prevent
separation. The effectiveness of this behaviour depends far more on continuity, adhesion,

and timing than on ultimate strength.

At early age, shotcrete possesses limited compressive capacity, but it already exhibits
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measurable stiffness. Even at strengths well below final design values, typically between 0.5
and 2 MPa, the material can resist small deformations. This early stiffness is sufficient to
influence ground behaviour.

Rock mass deformation in the first hours after excavation is usually small in magnitude but
critical in consequence. Preventing a few millimetres of movement can determine whether
joints remain locked or begin to degrade. This explains why relatively thin layers of shotcrete
can be highly effective when applied early.

Field observations across underground mining operations consistently demonstrate that a 40
to 60 millimetre layer applied shortly after blasting often provides superior stability compared
to a much thicker layer applied later. The thinner early layer restrains deformation before
damage occurs. The thicker late layer is forced to react to an already loosened rock mass.

Once dilation and block separation have taken place, shotcrete must span larger voids and
resist greater movements. Under these conditions, even high strength and substantial
thickness may function only as containment rather than true stabilisation. This behaviour is
frequently misunderstood by practitioners.

A common assumption is that increasing thickness or compressive strength automatically
improves performance. In reality, thickness and strength become secondary if timing is
incorrect. Shotcrete applied late is required to compensate for damage that has already
occurred, which significantly reduces its effectiveness.

From a design and operational perspective, this reinforces a critical principle. Shotcrete
should be evaluated not by how much load it can carry, but by how early it can control
deformation.

Understanding early confinement is essential for effective support design, realistic
specification, and proper sequencing of underground excavation activities. Without this
understanding, shotcrete risks being treated as a passive lining rather than the active ground
control system it is intended to be.

1.4 Time as a governing design parameter

In conventional concrete engineering, time is mainly associated with curing, strength gain,
and durability development. Design assumptions typically focus on 7-day and 28-day
compressive strengths, with limited concern for what occurs in the first minutes or hours after
placement.

Shotcrete engineering operates under a fundamentally different time regime.
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In underground environments, time governs not only the behaviour of the material but also
the behaviour of the ground itself. These two systems evolve simultaneously and interact
continuously from the moment excavation occurs.

Two time-dependent processes are therefore active at the same time.

The first is cement hydration and setting within the shotcrete. From the moment water
contacts cement, chemical reactions begin that control setting time, early stiffness
development, and strength gain. This process is influenced by mix design, accelerator type
and dosage, temperature, and moisture conditions.

The second is rock mass relaxation and deformation. Once excavation removes
confinement, the surrounding ground begins adjusting to a new stress state. This adjustment
includes stress redistribution, joint relaxation, dilation, and progressive cracking.

Both processes begin immediately.
Neither process waits for the other.
The effectiveness of shotcrete depends on synchronising these two time scales.

When shotcrete is applied early, while the rock mass is still undergoing initial deformation,
the developing stiffness of the lining interacts directly with ground movement. As the
shotcrete gains rigidity, it resists further deformation and contributes to confinement.

In this case, the lining participates in controlling behaviour.

Even though the shotcrete may be weak in terms of compressive strength, it becomes
mechanically relevant because it engages while movement is still limited.

If shotcrete application is delayed, the situation changes fundamentally.

By the time shotcrete is applied, joints may have opened, blocks may have shifted, and
microcracking may have progressed. The rock surface no longer represents its original
mechanical condition.

In this scenario, the shotcrete does not influence deformation. It simply adapts to it.

The lining conforms to an already degraded surface and acts mainly as a retention layer,
holding loose material in place rather than preventing instability from developing.

This distinction is critical.
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It explains why two excavations with identical geology, identical shotcrete mix designs, and
identical thickness specifications can perform very differently in practice.

In one case, early application allows the shotcrete to engage with the rock mass during
relaxation. In the other, late application forces the lining to respond to damage that has
already occurred.

From a testing perspective, both shotcrete linings may achieve the same compressive
strength at 28 days.

From a ground control perspective, their performance can be entirely different.

This apparent contradiction often leads to confusion on site. Operators may observe poor
performance and respond by increasing thickness, increasing cement content, or specifying
higher strength classes.

In many cases, these changes produce little improvement.
The underlying issue is not material capacity, but timing.

Once deformation has occurred, increasing strength cannot reverse joint dilation or restore
confinement. The window in which shotcrete can actively influence behaviour has already
closed.

For this reason, time must be treated as a governing design parameter in shotcrete
engineering.

Design decisions should not focus solely on final strength requirements but must also
consider:

e How soon after excavation shotcrete is applied
e How quickly early stiffness develops
e How excavation advance rate interacts with support installation
e How long rock remains unsupported

In practical terms, shotcrete design is inseparable from excavation sequencing.

Effective support is achieved not through stronger concrete alone, but through proper
coordination between drilling, blasting, scaling, cleaning, and spraying operations.

Timing, rather than strength, is often the decisive variable controlling performance.

Understanding this principle is essential for interpreting field behaviour, specifying realistic
performance requirements, and avoiding the common misconception that shotcrete failures
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are primarily material failures.

In most cases, they are timing failures.

1.5 Shotcrete within a composite support system
Shotcrete must never be considered in isolation.

In underground mining, ground support does not rely on a single element, but on the
combined action of several components working together. Shotcrete is only one part of this
system and cannot perform its intended function unless it is integrated with complementary
support measures. This combined arrangement is referred to as a composite support
system.

A typical underground support system consists of:

Rock bolts or cable anchors

Mesh or fibre reinforcement

Shotcrete lining

The inherent confinement provided by the surrounding rock mass

Each of these components addresses a different failure mechanism and operates over a
different scale of deformation.

Rock bolts and cable anchors provide anchorage. Their primary function is to transfer load
from the fractured or relaxed zone near the excavation boundary into deeper, more
competent rock. By clamping discontinuities together, bolts increase shear resistance along
joints and prevent block separation. Bolts are effective at controlling larger scale instability,
such as wedge formation and block rotation, but they do not prevent small scale surface
deterioration.

Mesh and fibres provide post crack capacity. Welded mesh offers reinforcement across
larger block boundaries and helps retain loosened material. Steel or synthetic fibres
embedded in shotcrete provide residual tensile capacity after cracking occurs. This allows
the shotcrete to continue functioning even after initial cracking, which is inevitable in
underground conditions. Fibres do not prevent cracking; they control crack opening and
maintain integrity after cracking has occurred.

Shotcrete serves a different role. Its primary function is to distribute loads, restrain surface
deformation, and provide continuous confinement across the excavation boundary.
Shotcrete connects individual bolts and reinforcement elements into a unified system,
allowing loads to be shared rather than concentrated. Without shotcrete, bolts act as isolated
point supports. With shotcrete, these point supports become part of a continuous stabilising
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structure.

Geological confinement completes the system. The surrounding rock mass provides
stiffness and load carrying capacity. Support elements are intended to preserve this natural
strength, not replace it. Effective support maintains rock interlock rather than attempting to
create an artificial structure independent of the ground.

The composite system functions only when all components are present and correctly
sequenced. Sequencing is critical. Early shotcrete controls surface deformation. Bolts
installed soon thereafter anchor the relaxed zone. Additional shotcrete or reinforcement then
ties the system together. If this sequence is disrupted, system performance degrades rapidly.

A common error in both design and execution is the assumption that deficiencies in one
component can be compensated for by increasing shotcrete thickness. This assumption is
incorrect. Increasing shotcrete thickness does not improve anchorage. It does not prevent
deep seated movement. It does not replace the function of rock bolts.

In practice, excessive shotcrete thickness applied without adequate anchorage often
produces the opposite of the intended result. As deformation continues behind the lining,
tensile stresses develop at the shotcrete rock interface. Without sufficient mechanical
anchorage into competent ground, these stresses concentrate at the bond zone. The result
is delamination.

Delamination occurs when the shotcrete layer separates from the rock surface, often in large
sheets. This failure mode is particularly dangerous because the lining may appear intact
while losing all structural connection to the ground. Numerous underground incidents have
shown that thick shotcrete applied late and without proper bolting can fail more violently than
thinner, well integrated support systems.

Effective support is therefore not a matter of more material, but of correct interaction.
Shotcrete must be bonded to the rock, connected to reinforcement, anchored by bolts, and
installed at the correct time in the excavation cycle. Only when these elements work together
does the support system function as intended.

Understanding shotcrete as one component within a composite system is essential for safe
design, realistic specifications, and disciplined site execution. When any element is omitted
or incorrectly sequenced, the entire system is compromised.

1.6 The misconception of strength dominance

A persistent misconception in shotcrete design is the belief that compressive strength
governs performance. This view is largely inherited from conventional concrete engineering,
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where structural adequacy is assessed almost entirely through strength criteria. In that
context, compressive strength is a reliable indicator of load carrying capacity and long-term
durability.

Shotcrete behaves differently. While compressive strength remains an important quality
control parameter, it is rarely the controlling factor during the period when shotcrete most
strongly influences excavation stability.

The critical phase occurs in the first minutes and hours after excavation. At this stage,
shotcrete is expected to limit deformation, restrain joint opening, and maintain surface
confinement. These functions occur long before the material approaches its design strength.
Field measurements and laboratory testing consistently show that during this period,
compressive strengths are often below 5 MPa and frequently below 2 MPa. Despite this,
meaningful confinement is already being provided.

This apparent contradiction highlights a fundamental misunderstanding. Shotcrete does not
need high strength to control early movement. It requires sufficient stiffness to resist small
deformations, adequate adhesion to maintain bond with the rock surface, and continuity to
act as a unified layer rather than a collection of isolated patches.

Stiffness governs how much deformation occurs under small loads. Adhesion governs
whether load can be transferred into the lining. Continuity governs whether restraint is
uniform across the surface. Together, these properties determine early performance.

A thin, well-bonded, continuous shotcrete layer with moderate early stiffness can be far more
effective than a thick layer with poor adhesion or delayed application.

Ultimate compressive strength becomes relevant later in the excavation life cycle, once
deformation has largely stabilised and the lining begins to carry longer-term loads, such as
stress redistribution, convergence, or interaction with additional support elements. By this
stage, much of the critical ground behaviour has already occurred.

The widespread emphasis on 28-day compressive strength in specifications reflects the
need for standardised testing and contractual verification. Cube and core tests provide
measurable and comparable results, which are essential for quality assurance. However, this
emphasis can distort engineering judgement if it becomes the primary design focus.

High 28-day strength does not guarantee effective early support. Low early stiffness cannot
be compensated by high final strength. Delayed application cannot be corrected through mix
design alone. Numerous field cases demonstrate that shotcrete achieving excellent
laboratory strengths can still perform poorly underground if applied late, sprayed unevenly,
or inadequately bonded. Conversely, shotcrete with modest final strength can provide
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excellent stability when applied early and integrated correctly into the support system.

This does not imply that compressive strength is unimportant. Rather, it must be understood
in its proper context. Strength is necessary for durability, long-term support interaction, and
resistance to later loading. It is not the primary driver of early excavation stability.

Effective shotcrete design therefore requires a balanced approach. Specifications must
address early age behaviour, including setting characteristics, stiffness development,
adhesion quality, and application timing, alongside traditional strength requirements. Failure
to do so leads to support systems that appear compliant on paper but underperform in
practice.

Recognising the limits of strength dominance is essential for realistic design, appropriate
testing, and meaningful interpretation of shotcrete performance underground.

1.7 Execution as a governing variable

Unlike cast concrete, shotcrete performance cannot be separated from execution.

In cast concrete construction, once the mix is placed into formwork, the structural outcome is
largely controlled by material properties and curing conditions. Variability introduced by the
operator is limited. Provided vibration and placement are adequate, the concrete will
generally achieve predictable performance.

Shotcrete does not behave this way.

In shotcrete application, the material is projected at high velocity onto an irregular surface,
often overhead or on vertical faces, under variable environmental and site conditions. The
quality of the final lining is therefore directly dependent on how the material is applied. The
same mix design, sprayed on the same excavation, can produce markedly different results
when applied by different operators.

This variability is not theoretical. It is observed consistently across underground projects.

The reasons lie in execution variables that directly affect the physical structure of the
hardened shotcrete. Nozzle angle is one of the most critical factors.

For proper compaction and adhesion, the nozzle should be held as close as possible to
perpendicular to the surface. When sprayed at an oblique angle, material tends to ricochet,
rebound increases, and voids form behind the lining. Poor nozzle angle reduces density and
weakens bond at the rock interface.

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%Ss rssmining.co.za

MINING

Stand off distance is equally important. If the nozzle is too close, material impact becomes
uneven and surface sloughing can occur. If too far, velocity is lost and proper compaction
does not take place. Both conditions result in reduced density and lower mechanical
performance.

Layer build up behaviour influences internal structure. Shotcrete is placed in successive
layers. If layers are applied too thickly, slumping and sagging may occur. If applied too thinly
or allowed to stiffen excessively between passes, cold joints can develop. These interfaces
act as planes of weakness within the lining.

Control of rebound directly affects quality. Rebound consists of aggregate and partially
hydrated material that does not adhere to the surface. Excessive rebound leads to loss of
coarse aggregate, altered grading, and increased paste content in the in-place shotcrete.
This results in higher shrinkage, reduced strength, and poor durability. Rebound material
must never be re incorporated into the lining.

Management of early stiffening is another critical execution variable. Accelerated shotcrete
begins to stiffen rapidly. If spraying technique does not adapt accordingly, poor
encapsulation of fibres can occur, surface tearing may develop, and adhesion to the
substrate can be compromised. Operators must adjust nozzle movement and layering speed
in response to setting behaviour in real time.

Each of these factors directly influences three fundamental properties. Density determines
strength, durability, and stiffness. Adhesion determines whether load can be transferred into
the lining. Fibre distribution determines post crack capacity and toughness. Poor execution
reduces all three.

From an academic standpoint, this places shotcrete in a unique category. It cannot be
treated purely as a material science problem, nor can it be reduced to empirical construction
practice alone. Its performance emerges from the interaction between engineered mix
design and skilled application.

Shotcrete therefore occupies an intermediate position between material science and
craftsmanship. Laboratory testing can define potential performance. Field execution
determines actual performance.

This reality has important implications for design and specification. No mix design,
regardless of quality, can compensate for poor nozzle control or inadequate supervision.
Conversely, skilled application can significantly enhance performance even under
challenging conditions.

For this reason, operator training, supervision, and quality control are not secondary
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considerations. They are governing variables in shotcrete performance.

Any shotcrete system that ignores execution quality risks achieving theoretical compliance
while failing operationally underground. Understanding this principle is essential for
engineers, supervisors, and contractors responsible for ground support integrity.

1.8 Implications for engineering design

For the engineer, the realities of shotcrete behaviour require a departure from purely
deterministic design approaches.

Traditional structural design assumes that material properties, geometry, and loading
conditions can be defined with reasonable certainty. Safety factors are then applied to
account for limited variability. This approach works well for cast concrete structures
constructed under controlled conditions.

Shotcrete does not operate within this level of certainty.

Its performance is influenced by variables that cannot be fully controlled or precisely
quantified at the design stage. Geological conditions vary spatially. Execution quality varies
between operators and shifts. Deformation evolves with time. Human judgement plays a
direct role in application quality.

As a result, shotcrete design must explicitly recognise uncertainty.
Effective shotcrete design must account for several interacting sources of variability.

Geological variability is unavoidable underground. Rock mass conditions can change over
short distances due to joint spacing, orientation, weathering, stress regime, and blasting
damage. A support system designed for one section of excavation may be conservative in
one area and marginal in another.

Execution variability is inherent to sprayed systems. Despite standardised mix designs,
field performance depends on nozzle technique, supervision, access, and working
conditions. Even well trained crews exhibit variation in application quality.

Time dependent behaviour governs both ground response and support activation.
Deformation does not occur instantaneously, and shotcrete properties evolve continuously
after placement. Design assumptions must therefore consider when support becomes
effective, not only how strong it becomes.

Human factors influence all aspects of installation. Fatigue, visibility, production pressure,
and skill level affect outcomes in ways that cannot be captured by calculations alone.
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Because of these realities, design thickness, fibre dosage, and strength class represent only
part of the support solution. These parameters define the potential capacity of the system.
They do not guarantee performance.

Equally critical is the establishment of execution systems capable of delivering the assumed
behaviour in practice. Such systems include:

Defined spraying procedures

Trained and assessed nozzle operators

Clear sequencing between excavation and support
Supervision focused on quality rather than output alone
Early age performance monitoring

Feedback loops between design and field observation

Where these systems are absent, nominal design values lose much of their meaning.

A specification calling for 75 millimetres of fibre reinforced shotcrete has little value if
thickness is uneven, rebound is uncontrolled, or application is delayed beyond the effective
support window. Similarly, a high strength class offers limited benefit if adhesion is
inconsistent or fibre distribution is poor.

Engineering judgement therefore becomes central to shotcrete design. Rather than relying
solely on numerical values, the engineer must design for behaviour. This includes
anticipating how the ground will respond, how support will be installed, and how deviations
from ideal conditions will be identified and corrected.

Effective shotcrete design is thus not a static calculation exercise. It is an adaptive process
that integrates design intent, construction methodology, and ongoing observation.

When design assumptions are supported by appropriate execution systems, shotcrete
performs reliably and predictably. When they are not, even conservative designs can fail.

Recognising this relationship between design and execution is essential for responsible
engineering practice in underground construction.

1.9 Southern African mining context

In Southern African mining operations, shotcrete is rarely applied under ideal or controlled
conditions.

Much of the academic literature and many laboratory-based performance models assume
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stable temperatures, consistent materials, short delivery distances, and carefully controlled
application environments. These assumptions seldom reflect the conditions encountered in
active underground mines across the region.

Shotcrete in Southern Africa is applied under demanding and often unforgiving
circumstances.

Long pumping distances are common. Development ends may be hundreds of metres from
the pump, requiring extended hose lines with multiple bends. These distances increase
friction losses, reduce material consistency, and elevate the risk of blockages. They also
place greater reliance on correct mix rheology and disciplined water control at the nozzle.

High ambient temperatures are frequently encountered. In deep-level mining, rock
temperatures and ventilation conditions can raise ambient temperatures well above those
assumed in laboratory testing. Elevated temperatures accelerate cement hydration, shorten
open time, and increase sensitivity to accelerator dosage. Poor control under these
conditions can result in flash setting, poor adhesion, and reduced final performance.

Variable water ingress presents additional challenges. Shotcrete may be applied onto dry
rock in one area and onto damp or actively seeping surfaces only metres away. Excess
water on the substrate reduces adhesion, washes out cement paste, and increases rebound.
Insufficient moisture, on the other hand, can cause rapid suction and premature stiffening.

Highly abrasive aggregates are typical. Locally sourced aggregates often exhibit high
angularity and abrasion resistance, which is beneficial for durability but increases wear on
pumps, hoses, and nozzles. This wear alters flow characteristics over time and can affect
fibre orientation and distribution if not properly managed.

Production-driven scheduling exerts constant pressure. In many operations, support
installation competes directly with advance targets. Delays in spraying may occur due to
equipment availability, shift changes, or blasting cycles. These delays often push shotcrete
application beyond the optimal time window for effective early confinement.

These realities amplify the importance of discipline and understanding. Under such
conditions, shotcrete performance cannot rely on material quality alone. Consistency,

training, supervision, and adherence to sequence become decisive factors.

Small execution errors that might be tolerable under controlled conditions can become
critical when combined with heat, distance, and time pressure.

It is within this environment that shotcrete must prove its reliability. Performance
underground must be judged not by laboratory perfection, but by the ability of the support
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system to function under real operating constraints. A system that performs well only under
idealised conditions offers limited value to mining operations.

Any academic treatment of shotcrete that ignores these operational realities remains
incomplete. Engineering guidance must acknowledge the conditions under which shotcrete
is actually applied and provide principles that remain valid despite variability.

Only by grounding theory in field conditions can shotcrete design and practice achieve
consistent and safe outcomes in Southern African mining environments.

1.10 Concluding perspective

Shotcrete is best understood not as a product, but as a controlled intervention within a
dynamic system.

The underground environment is not static. From the moment excavation occurs, the rock
mass begins to respond through stress redistribution, deformation, and progressive
adjustment toward a new equilibrium. Support systems are introduced into this process while
it is already underway. Shotcrete gains its value through how and when it enters this
sequence.

Its effectiveness does not arise from strength alone, nor from thickness alone. These
properties define potential capacity, but they do not determine actual performance
underground. What governs performance is timely integration into the mechanical response
of the rock mass.

When applied early, shotcrete participates in deformation control, preserves confinement,
and stabilises the excavation during its most vulnerable phase. When applied late, it can
only react to conditions that have already deteriorated. This distinction underpins all
preceding discussion.

Effective shotcrete design therefore requires understanding beyond concrete technology. It
demands knowledge of ground behaviour, excavation sequencing, stress response, and
deformation mechanisms. It also requires appreciation of execution processes, including
equipment capability, operator skill, supervision, and production constraints. Human
influence is inseparable from outcome.

Decisions made at the face, at the pump, and at the nozzle directly affect how theoretical
design assumptions translate into real support performance. No calculation or specification

can compensate for a lack of understanding at these points.

For this reason, shotcrete engineering occupies a unique position within underground
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support design. It sits at the intersection of material science, rock mechanics, construction
methodology, and operational discipline. Only when these elements are understood together
can shotcrete be applied predictably and safely.

This integrated understanding forms the foundation upon which all subsequent technical
discussion must rest. Without it, later chapters risk becoming procedural rather than
meaningful. With it, shotcrete can be designed, specified, and executed as the active ground
control system it is intended to be.
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CHAPTER 2

TERMINOLOGY, SYSTEM DEFINITIONS, AND ENGINEERING LANGUAGE

2.1 The necessity of precise language in sprayed concrete engineering

Engineering failures are rarely caused by ignorance alone. More often, they arise from
misunderstanding.

In many cases, the technical knowledge exists, the materials are available, and the
procedures are documented. Yet failures still occur because key concepts are interpreted
differently by designers, supervisors, and operators.

In sprayed concrete practice, misunderstanding frequently originates in language.

Shotcrete involves multiple disciplines operating simultaneously. Design engineers,
geotechnical specialists, supervisors, pump operators, and nozzlemen often use the same
words to describe different concepts. When terminology is imprecise, assumptions replace
clarity.

This creates risk.

Terms such as thickness, strength, support, and setting are routinely used without precise
definition. In everyday discussion, these words appear self-explanatory. In engineering
application, they are not.

Thickness may refer to nominal design thickness, average applied thickness, minimum
effective thickness, or locally accumulated build-up. Each carries a different structural
implication.

Strength may refer to early age strength, 24-hour strength, 7-day strength, or 28-day
compressive strength. Without specification, the term provides little technical meaning.

Support may imply confinement, load-bearing capacity, surface retention, or long-term lining
behaviour. These are not interchangeable functions.

Setting may describe initial stiffening, final set, or early load-bearing capability. Confusion
between these concepts often leads to incorrect assumptions regarding when shotcrete
becomes effective.

When such ambiguity is transferred into design documents or site instructions, misalignment
occurs. The designer may intend one behaviour while the site delivers another, both
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believing they are compliant.

This disconnect is particularly dangerous in sprayed concrete systems, where performance
depends on timing, execution, and interpretation rather than geometry alone.

Unlike cast concrete, sprayed concrete cannot rely on formwork or predefined shape to
enforce compliance. Interpretation plays a direct role in outcome.

For this reason, language in shotcrete engineering is not merely descriptive. It is operational.

A poorly defined term can lead to incorrect sequencing. An assumed definition can alter
execution behaviour. A misunderstood requirement can compromise ground control.

An academic treatment of shotcrete must therefore begin by establishing a disciplined
vocabulary.

This does not imply complexity for its own sake. Rather, it requires that commonly used
terms be defined clearly, consistently, and in relation to physical behaviour underground.

Each term must answer three questions:

e What does it describe
e When does it apply
e \Why does it matter mechanically

Without this clarity, later technical discussions lose precision and design intent becomes
diluted.

By establishing shared definitions at the outset, communication between design and
execution is strengthened. Decisions become traceable. Observations become meaningful.
Deviations can be identified and corrected with confidence.

Precise language is therefore not academic formality.

It is a practical requirement for safe and effective sprayed concrete engineering.

The sections that follow will define key terminology as it is used throughout this manual.

These definitions form the reference framework upon which all subsequent design,
specification, and execution guidance is built.

Only with a common technical language can sprayed concrete be understood, applied, and
evaluated consistently underground.
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2.2 Shotcrete as a process-defined material

Unlike cast concrete, shotcrete cannot be defined solely by its composition.

In conventional concrete engineering, material behaviour is largely determined by mix
proportions. Cement content, water cement ratio, aggregate grading, and admixtures
establish predictable relationships with strength, stiffness, and durability. Once placed into
formwork, execution variability has limited influence on the hardened product.

Shotcrete does not conform to this model.

Two shotcrete mixes with identical designs can display markedly different mechanical
behaviour, durability, and support performance depending on how they are applied
underground.

This inconsistency cannot be explained through material science alone. For this reason,
shotcrete must be understood as a process defined material. Its final properties do not exist
at the batching plant. They emerge only after the spraying process is complete. Until that
point, shotcrete remains a potential material rather than an actual one.

The sprayed product is created through the interaction of several interdependent factors.
Material composition remains fundamental. Cement type, aggregate grading, fibre content,
accelerator chemistry, and water content establish the potential range of performance.
These parameters define what the material could achieve under ideal conditions. However,
potential performance is not guaranteed performance.

Equipment behaviour directly influences how the material is delivered. Pump pressure, air
supply stability, hose length, nozzle condition, and wear all affect velocity and consistency at
the point of impact. Variations in equipment performance alter compaction energy and fibre
orientation, even when the mix remains unchanged.

Application technique governs how the material is formed in place. Nozzle angle, distance,
spray pattern, layering sequence, and response to setting behaviour determine density,
surface quality, and internal structure. These factors control whether the shotcrete forms a
compact, continuous lining or a porous and uneven layer.

Substrate condition completes the system. The condition of the rock surface at the time of
application determines adhesion and load transfer. Roughness, cleanliness, moisture, blast
damage, and temperature all influence bond performance. Shotcrete sprayed onto
contaminated or deteriorated surfaces cannot achieve the same behaviour as shotcrete
applied onto clean, competent rock.
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These elements act simultaneously. None can be isolated without altering the outcome. A
change in equipment performance alters application technique. A change in substrate
condition alters adhesion response. A change in setting behaviour alters layering behaviour.

The final shotcrete lining is therefore the result of interaction rather than specification. Any
definition of shotcrete that excludes execution is incomplete. Laboratory samples prepared
under controlled conditions represent only the theoretical material. They do not capture the
structural reality of sprayed shotcrete underground.

For this reason, engineering judgement must focus on in place behaviour rather than
nominal properties. Design, testing, and quality control must aim to confirm that the process
is delivering the intended performance, not merely that the mix design complies on paper.

Understanding shotcrete as a process defined material is essential for interpreting test
results, diagnosing field performance, and establishing realistic design expectations. Without
this understanding, discrepancies between laboratory performance and underground
behaviour will continue to be misinterpreted as material failure, when they are in fact process
failures.

This concept underpins all subsequent definitions and technical discussions in this manual.

2.3 Wet-mix sprayed concrete

Wet mix sprayed concrete refers to a system in which all solid and liquid constituents of the
concrete are fully mixed before pumping.

Cement, aggregates, water, fibres, and most chemical admixtures are combined in a
controlled batching process prior to delivery into the pump line. The material is transported to
the nozzle in a plastic but stable state.

Acceleration occurs only at the nozzle.

An accelerator is introduced immediately before spraying, typically through a separate
dosing line, initiating rapid setting and early stiffening at the point of placement rather than
during transport. This separation between hydration initiation and setting control is
fundamental to modern sprayed concrete practice.

Hydration begins once water contacts cement during mixing. However, the rate at which
stiffness develops is deliberately suppressed during pumping. Setting is activated only when
the accelerator is introduced at the nozzle. This distinction allows the concrete to remain
workable over long pumping distances while still achieving rapid early strength once applied.
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The advantages of this system are substantial.

Controlled pumpability is achieved because the concrete remains cohesive and lubricated
throughout the delivery line. This reduces the risk of blockages, pressure spikes, and
segregation, particularly in long underground pump circuits.

Predictable rheology becomes possible. Because the base mix remains consistent during
transport, flow behaviour can be designed and adjusted through admixture selection rather
than operator intervention. This results in more stable spraying conditions and reduced
variability between batches.

Independent control of early strength is a critical benefit. Early stiffness and strength
development are governed primarily by accelerator type and dosage rather than by changes
to cement content or water addition. This allows support performance to be adjusted to
ground conditions without altering the underlying mix design. For example, higher
accelerator dosages may be used in rapidly deforming ground, while lower dosages can be
applied where slower setting is acceptable.

This level of control was not possible in earlier sprayed concrete systems. Historical dry mix
systems relied on water addition at the nozzle to initiate hydration. As a result, both
workability and setting were controlled simultaneously by the nozzle operator. This led to
wide variability in water content, inconsistent quality, high rebound, and unpredictable
strength development.

Wet mix sprayed concrete removes much of this uncertainty. By separating material
preparation from setting activation, modern systems allow shotcrete performance to be
engineered rather than improvised.

This distinction is one of the primary reasons wet mix sprayed concrete has become the
dominant method in contemporary underground mining and tunnelling. It offers improved
consistency, reduced dust, lower rebound, better fibre incorporation, and significantly
improved safety and quality control.

Understanding this fundamental difference is essential before discussing strength
development, accelerator behaviour, fibre performance, or quality testing in subsequent
sections. Wet mix shotcrete is not simply an evolution of older methods. It represents a
different engineering system with distinct behavioural principles.

2.4 Early-age behaviour and vulnerability

The concept of early age shotcrete extends beyond strength development alone.
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In conventional concrete practice, early age is often discussed in terms of curing time and
strength gain milestones. In sprayed concrete engineering, however, early age describes a
transitional mechanical state. During this state, the material is present, bonded, and
influential, yet still highly vulnerable. This period typically spans the first minutes to several
hours after application.

During early age, shotcrete exhibits very low tensile capacity. Although compressive
resistance develops relatively quickly with the use of accelerators, tensile strength lags
significantly behind. The material can resist small compressive stresses but remains highly
sensitive to cracking under tension or bending. This characteristic is critical because
underground shotcrete is rarely loaded purely in compression. Surface deformation, joint
movement, vibration, and impact loading introduce tensile stresses almost immediately.
Even minor disturbances can exceed early tensile capacity and initiate cracking.

Early age shotcrete is also highly sensitive to vibration. Vibration may originate from nearby
drilling, scaling, equipment movement, or blasting in adjacent headings. At early age, the
bond between shotcrete and rock has not fully developed, and internal cohesion remains
limited. Vibration during this phase can reduce adhesion, promote microcracking, and
compromise the continuity of the lining. This risk is often underestimated in production
environments.

Moisture loss represents another major vulnerability. Accelerated shotcrete generates heat
rapidly and has a large exposed surface area. In warm or ventilated headings, moisture can
be lost quickly through evaporation. Premature drying interferes with hydration, increases
shrinkage, and reduces long term performance. Early moisture loss is especially problematic
in thin layers, where the surface area to volume ratio is high.

At this stage, the shotcrete lining does not behave as a rigid structural shell. Instead, it
behaves as a deformable membrane. The lining is capable of accommodating small
movements while providing confinement, but it lacks the stiffness required to resist
significant displacement. Its effectiveness depends on remaining intact and bonded during
this transitional period. This membrane behaviour is intentional and beneficial, as it allows
shotcrete to adapt to early ground movement without brittle failure. However, it also means
that the lining is vulnerable to external disturbance before sufficient stiffness develops.

Understanding this transitional state is essential for safe access control and sequencing.
Personnel movement, equipment contact, scaling activities, and drilling operations must be
managed to avoid damaging the lining during early age. Premature exposure can
compromise support before it becomes fully functional. Sequencing decisions must therefore
consider not only when shotcrete is applied, but when it can safely be relied upon. This
includes defining minimum waiting periods before adjacent blasting, re-entry, or installation
of additional support.
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Failure to respect early age vulnerability often results in cracked, debonded, or locally
detached shotcrete, which may appear acceptable visually but provides reduced
confinement capacity. Early age behaviour must therefore be treated as a distinct design and
operational phase, not merely as a short curing interval. Recognising this phase allows
engineers and supervisors to manage risk proactively and ensures that shotcrete develops
from a vulnerable membrane into a reliable component of the composite support system.

2.5 Ground support as a system, not an element

The term "support” is often used without sufficient precision.

In many operational contexts, support is spoken of as a physical item, such as shotcrete,
bolts, or mesh. This language implies that stability is provided by individual elements acting
independently.

In reality, support refers to a collective mechanical response. No single component stabilises
an underground excavation on its own. Stability arises from the way multiple elements
interact with each other and with the rock mass to influence deformation behaviour.

Shotcrete, rock bolts, cable anchors, and reinforcement do not function in isolation. They act
together to modify deformation pathways within the rock mass. Bolts restrain movement at
depth and increase interlock across discontinuities. Shotcrete restrains surface dilation and
distributes loads. Reinforcement provides continuity and post-crack capacity. The rock mass
itself supplies stiffness and strength when its integrity is preserved.

Each component addresses a different scale of movement. When combined correctly, these
components form an integrated system capable of controlling deformation progressively
rather than reacting to failure after it occurs.

Isolating one component leads to misleading conclusions about performance. If shotcrete
cracks, it may be labelled as failure, even though bolts continue to provide anchorage and
overall stability remains acceptable. Conversely, intact shotcrete may conceal deeper
instability if anchorage is insufficient. Judging performance based on a single visible element
therefore provides an incomplete and often inaccurate assessment of ground behaviour.

This misunderstanding frequently results in inappropriate corrective actions. Cracking may
lead to increased thickness rather than improved sequencing. Local fallout may prompt
additional spraying rather than investigation of anchorage or timing. These responses
address symptoms rather than causes.

A systems perspective avoids this trap. By evaluating how loads are transferred, how
deformation develops, and how components interact, engineers can identify which part of
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the system is underperforming and why.

This approach aligns with modern rock engineering principles. Contemporary support design
focuses on controlling deformation rather than resisting ultimate loads. Support is designed
to work with the ground, not against it. From this perspective, the objective is not to prevent
all movement, but to guide movement into stable and non-damaging modes.

Shotcrete plays a critical role in this system, but it does not define the system. Its value lies
in integration, not dominance.

Understanding ground support as a system allows engineers to interpret behaviour more
accurately, design more efficiently, and respond more effectively to changing conditions
underground. This systems perspective forms the conceptual foundation for modern support
design methodologies and must underpin all subsequent technical discussions in this
manual.

2.6 Rebound as a diagnostic phenomenon

Rebound is commonly regarded as waste. In many operations, it is viewed primarily as a
cost issue due to material loss and cleanup requirements. While these concerns are valid,
they represent only a superficial understanding of the phenomenon.

From an engineering perspective, rebound is not merely discarded material. It is evidence of
inefficient energy transfer at the point of impact. During spraying, shotcrete particles are
projected toward the substrate with a defined velocity and momentum. For proper placement
to occur, this kinetic energy must be absorbed by the surface and converted into compaction
and adhesion. When this energy transfer fails, material ricochets away from the surface. This
is rebound.

High rebound therefore indicates a misalignment between projection energy and material
cohesion. This misalignment may arise from several sources. If projection velocity is too high
relative to material cohesion, particles impact elastically rather than plastically and are
unable to adhere. If velocity is too low, compaction is insufficient and adhesion is poor.

Nozzle angle also plays a decisive role. When material strikes the surface at an oblique
angle, only a portion of its energy contributes to compaction. The remainder promotes lateral
deflection and rebound. This effect becomes more pronounced on smooth or wet surfaces.

Material condition contributes further. Poor grading, insufficient fines, incorrect moisture

content, or inappropriate accelerator dosage reduce cohesion at impact. Under these
conditions, even correct nozzle technique may produce excessive rebound.
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Substrate condition is equally influential. Smooth, dusty, contaminated, or water covered
surfaces reduce friction and adhesion, increasing rebound regardless of mix quality.

From this perspective, rebound is a diagnostic phenomenon. It reflects how well material
properties, equipment behaviour, application technique, and substrate condition are aligned
at the moment of spraying. Low rebound indicates efficient energy absorption and good
compaction. High rebound signals that one or more parameters are out of balance.

Importantly, rebound does not occur randomly. Patterns of rebound often reveal specific
deficiencies. Excessive rebound at the crown may indicate poor nozzle angle. Localised
rebound may indicate wet patches or contamination. Gradual increases over distance may
signal pump wear or changes in rheology.

For this reason, rebound should be monitored rather than merely removed. Consistent
rebound levels suggest stable application conditions. Sudden changes provide early warning
of process drift.

Treating rebound solely as a waste product obscures this diagnostic value. While rebound
reduction remains important for economic and safety reasons, its primary engineering
significance lies in what it reveals about application quality. Understanding rebound as
feedback allows supervisors and operators to adjust technique in real time and maintain
consistent in place performance.

In this sense, rebound is not simply a byproduct of spraying. It is a visible indicator of how
effectively the shotcrete process is functioning. Recognising this transforms rebound from an
inconvenience into a practical tool for quality control within sprayed concrete engineering.

2.7 Thickness versus effectiveness

Thickness is a geometric parameter. It describes the physical distance between the exposed
rock surface and the outer face of the shotcrete lining. Thickness can be measured,
recorded, and compared against a nominal design value.

Effectiveness, however, is a mechanical outcome. It reflects the ability of the shotcrete layer
to restrain deformation, transfer load, and maintain continuity within the support system.

These two concepts are not equivalent. A lining may meet average thickness requirements
and still perform poorly. Conversely, a thinner lining applied uniformly and bonded effectively
may provide superior confinement. The distinction lies in how thickness is distributed and
how the lining interacts with the rock mass.

Shotcrete performance is governed by the weakest sections of the lining. Localised under

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%SS rssmining.co.za

MINING

thickness creates zones of reduced stiffness where deformation can concentrate. Once
movement initiates in these areas, cracking propagates outward, compromising adjacent
regions that may otherwise be adequate. In this way, small areas of insufficient thickness
can govern overall behaviour.

This is particularly critical at structural discontinuities. Corners, brows, shoulders, and
intersections often experience complex stress redistribution and higher deformation demand.
If thickness is reduced in these areas, the lining becomes vulnerable regardless of average
thickness achieved elsewhere.

Average thickness values can therefore be misleading. A reported average of 75 millimetres
may conceal areas of 30 or 40 millimetres, which are mechanically decisive. Once
deformation localises at these thin zones, the support system responds as if the entire lining
were insufficient.

Effectiveness also depends on continuity. Gaps, shadow zones behind mesh, poor
encapsulation of fibres, or rebound pockets interrupt load transfer even where thickness
appears adequate. These discontinuities reduce effective thickness without being visually
obvious.

In production driven environments, this distinction is frequently overlooked. Focus is often
placed on meeting nominal thickness targets as quickly as possible. Measurement is
performed at accessible points, while difficult or awkward areas receive less attention. This
approach prioritises apparent compliance over functional performance.

Effective shotcrete application requires attention to minimum thickness rather than average
thickness. Design intent is typically governed by minimum required performance. Ensuring
consistent coverage across the entire excavation profile is therefore more important than
achieving excess thickness in isolated areas.

Excess thickness cannot compensate for local deficiencies. Once deformation concentrates
at a thin or poorly bonded zone, additional material elsewhere provides little benefit.

Understanding the difference between thickness and effectiveness is essential for realistic
quality control. Inspection procedures, measurement methods, and acceptance criteria must
focus on identifying vulnerable zones rather than confirming average values. Only when
thickness is interpreted in mechanical terms does it become a meaningful design parameter.

This distinction reinforces a broader principle. Shotcrete performance is governed not by
how much material is applied, but by how consistently and effectively it contributes to
confinement across the excavation boundary.
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2.8 The role of human agency

The nozzle operator occupies a unique position in shotcrete engineering.

Unlike most construction materials, shotcrete does not reach its final form through moulds,
formwork, or predefined geometry. Its structure is created in real time through the actions of
the operator controlling the nozzle.

As a result, the nozzle operator does not merely place material. They actively shape the
mechanical properties of the final lining.

Nozzle movement determines compaction energy. Angle determines adhesion and rebound.
Distance governs density and fibre orientation. Layering sequence influences continuity and
internal bonding.

These variables are adjusted continuously during spraying, often in response to changing
ground conditions, setting behaviour, and access constraints. Their cumulative effect defines

the in place material.

This reality introduces human agency into what is often treated as a purely materials based
problem.

Two operators using the same mix, equipment, and specification can produce linings with
different density, bond quality, and post crack behaviour. These differences arise not from
material inconsistency, but from decision making at the point of application.

From an engineering standpoint, this is significant.

Material properties are no longer determined solely by composition and curing. They are
partially determined by human interaction with the process.

This places shotcrete in a hybrid category.

It cannot be fully analysed using material science alone, nor can it be reduced to
workmanship in the traditional sense. Its behaviour emerges from the interaction between
engineered systems and human control.

This aligns closely with principles of human factors engineering.

Human factors engineering recognises that performance in complex systems depends on

training, perception, fatigue, environment, feedback, and decision load. All of these influence
nozzle operator performance underground.
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Visibility, noise, temperature, access, production pressure, and shift length directly affect
spraying quality.

Ignoring these influences leads to unrealistic design assumptions.

Effective shotcrete systems therefore require more than technical specifications. They
require structured training, clear performance feedback, and working conditions that support
consistent execution.

From an academic perspective, shotcrete provides a rare example of a construction material
whose mechanical behaviour is partially determined by human agency.

Recognising this does not weaken engineering rigour. It strengthens it by acknowledging
reality.

Designs that explicitly consider human influence are more reliable than those that assume
perfect execution.

Understanding the role of human agency is therefore essential for interpreting variability,
designing realistic support systems, and establishing meaningful quality control.

Shotcrete engineering, by necessity, exists at the intersection of material science and human
performance. Any academic treatment that excludes either dimension remains incomplete.

2.9 Competence as an engineering variable

Competence in shotcrete application is not binary. An operator is not simply competent or
incompetent. Skill exists along a continuum shaped by training, experience, feedback,
working conditions, and reinforcement of correct practice over time.

This distinction is critical in sprayed concrete engineering. Shotcrete performance depends
on continuous decision making during application. Operators interpret surface condition,
setting response, rebound behaviour, and access constraints in real time. The quality of
these decisions varies with competence level.

As competence increases, variability decreases. Highly competent operators produce more
consistent thickness, better adhesion, lower rebound, and more uniform fibre distribution.
Less experienced operators may achieve acceptable results intermittently but struggle under
changing conditions.

This variability directly affects in place performance. Ignoring competence as a variable
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introduces uncertainty into performance predictions. Design calculations often assume that
specified thickness, density, and material properties will be achieved uniformly. In reality,
these assumptions are only valid if the execution system is capable of delivering them
consistently.

Where competence is uneven, performance becomes unpredictable. This uncertainty does
not always manifest as immediate failure. More commonly, it appears as inconsistent
behaviour between headings, shifts, or crews, despite identical design parameters. From an
engineering perspective, this represents uncontrolled variability.

Modern sprayed concrete engineering increasingly recognises competence as a governing
variable. Rather than treating skill as an external or contractual issue, contemporary practice
treats competence as part of the support system itself. Training, assessment, and
supervision are viewed as engineering controls that influence outcome.

This approach aligns with observed behaviour underground. Where structured training,
routine feedback, and stable working conditions are present, shotcrete performance
improves even without changes to mix design or thickness. Where these controls are
absent, increasing material specifications often produces limited benefit.

Competence therefore functions as a performance multiplier. High competence allows the
design to perform as intended. Low competence erodes the effectiveness of even
conservative designs. For this reason, competence must be considered during design,
specification, and risk assessment.

Designers must ask not only what support is required, but whether the execution
environment can reliably deliver it. Where uncertainty exists, systems must be simplified,
tolerances increased, or additional controls introduced.

Treating competence as an engineering variable does not reduce accountability. It improves
predictability. By acknowledging the human contribution explicitly, shotcrete engineering
moves closer to realistic performance modelling and away from idealised assumptions.

This recognition represents a significant evolution in modern sprayed concrete practice and
forms a necessary bridge between technical design and operational reality.

2.10 Deviation and uncertainty

Deviation from prescribed procedures introduces uncertainty into shotcrete performance. In
sprayed concrete systems, procedures exist to align material behaviour, equipment
operation, and application technique. These procedures define the conditions under which
design assumptions remain valid. When deviations occur, those assumptions no longer hold.
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Deviation does not necessarily imply negligence. It may arise from production pressure,
equipment limitations, access constraints, fatigue, or environmental conditions. However,
regardless of intent, deviation alters system behaviour. Shotcrete application operates within
a narrow performance window. Small changes in nozzle angle, water addition, accelerator
dosage, or timing can shift the material response significantly. When these changes occur
simultaneously, their effects compound.

In complex systems, small deviations may propagate into large performance losses. A minor
increase in stand off distance reduces compaction. Reduced compaction increases porosity.
Increased porosity reduces stiffness and adhesion. Reduced adhesion limits confinement.
The final outcome may be poor support performance, even though no single deviation
appears significant in isolation. This cascading behaviour is a defining feature of sprayed
concrete systems. Because multiple variables interact non linearly, performance degradation
is rarely proportional to the initial deviation. Instead, threshold behaviour is common, where
the system appears stable until a critical limit is exceeded. Once that limit is crossed,
performance can degrade rapidly.

Understanding deviation is therefore central to both operational control and academic
analysis. From an operational perspective, deviation must be detected early and corrected
before compounded effects develop. This requires observation, feedback, and discipline
rather than reliance on end product testing alone. From an academic perspective, deviation
explains much of the variability observed between laboratory performance and field
behaviour. Laboratory testing assumes controlled conditions with minimal deviation.
Underground application rarely meets these assumptions. Recognising this gap allows
researchers and engineers to interpret results realistically.

Deviation is not an anomaly. It is an inherent characteristic of field applied systems. Effective
shotcrete engineering does not attempt to eliminate deviation entirely. Instead, it seeks to
understand where deviation matters most, how sensitive performance is to those deviations,
and which controls provide the greatest reduction in uncertainty. By framing deviation
explicitly, engineers can design systems that are resilient rather than fragile. This approach
shifts emphasis from rigid compliance toward controlled performance, acknowledging that
uncertainty cannot be removed, but it can be managed.

This understanding completes the conceptual foundation of sprayed concrete engineering
and prepares the ground for the technical and verification discussions that follow in
subsequent chapters.

2.11 Language as the foundation of control

Without common language, control systems fail.

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%SS rssmining.co.za

MINING

Control in engineering depends on shared understanding. Instructions must be interpreted
consistently. Observations must describe the same phenomena. Measurements must
reference the same definitions.

When language is inconsistent, control degrades even when procedures exist. Procedures
become open to interpretation.

If terms such as thickness, early strength, setting, rebound, or support are not defined
precisely, individuals apply their own meanings. Different interpretations then coexist under
the same instruction set, producing variable outcomes. In such cases, non compliance may
occur without anyone being aware of it.

Measurements lose meaning. A thickness reading is only valid if the method, location, and
acceptance criterion are clearly defined. A strength result is only meaningful if the age, test
method, and purpose are understood. Without common definitions, numerical data cannot
be reliably compared or acted upon.

Engineering intent becomes diluted. Design assumptions rely on specific behaviours
occurring at specific times. If the language used to communicate those assumptions is
ambiguous, the intended behaviour is not delivered in practice. This disconnect is rarely
visible in documentation but becomes apparent in field performance.

A disciplined vocabulary is therefore not administrative bureaucracy. It is a structural
necessity.

Language defines the boundaries within which decisions are made. It determines how
deviation is recognised, how compliance is judged, and how corrective action is triggered.

In sprayed concrete engineering, where behaviour depends on timing, execution, and
interpretation, language functions as a control mechanism in its own right. Clear definitions
align designers, supervisors, and operators around a common mental model of performance.
This alignment reduces variability, improves predictability, and strengthens the link between
design intent and field outcome.

For this reason, terminology is not a preliminary formality to be bypassed. It is the foundation
upon which effective control systems are built.

Only when language is precise can procedures function, measurements inform decisions,
and engineering intent be preserved throughout execution.
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CHAPTER 3

SAFETY ENGINEERING AND STORED ENERGY SYSTEMS IN SHOTCRETE
OPERATIONS

3.1 Introduction to stored energy in construction systems

Shotcrete operations involve the convergence of multiple energy domains within confined
underground spaces.

Unlike many construction activities where hazards are visible and easily recognised, the
dominant risks associated with shotcrete are largely invisible. Energy is stored, transferred,
and released through systems that cannot be assessed by sight alone. This characteristic
fundamentally alters the nature of risk.

In sprayed concrete environments, pressure energy, chemical energy, and geotechnical
energy coexist within metres of each other and often interact. Each system behaves
according to different physical laws, yet failure in one can trigger consequences in another.

Pressure energy is present within pumps, pipelines, air lines, and nozzles. Concrete is
transported under high pressure through confined delivery systems. Blockages, line failures,
or sudden releases can occur without warning. The energy involved is not apparent
externally, yet release can be violent and instantaneous.

Chemical energy is present within the material itself. Cement hydration is an exothermic
reaction. Accelerators alter reaction kinetics, creating rapid changes in stiffness and
temperature. These reactions continue even after placement and can influence both material
behaviour and worker safety.

Geotechnical energy is stored within the surrounding rock mass. Before excavation, the
rock is held in equilibrium by in situ stresses. Excavation releases this stored strain energy,
which is then redistributed around the opening. This process continues over time and may
result in movement, spalling, or instability without obvious warning signs.

These energy systems operate simultaneously. A sprayed concrete operation may therefore
involve pressurised delivery equipment, chemically reactive material, and a deforming rock

mass all within the same working area.

The interaction between these systems creates compound risk. A blockage in a delivery line
may require manual intervention close to unsupported ground. Early age shotcrete may be
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vulnerable to vibration from nearby activities. Ground movement may occur while personnel
are exposed beneath freshly sprayed lining.

In such environments, traditional hazard identification based solely on visible conditions is
insufficient. Meaningful risk control requires understanding how energy is stored, where it
resides, and how it may be released.

This understanding must extend beyond procedural compliance. Rules define what should
be done. Engineering understanding explains why those rules exist and when additional
caution is required. When personnel understand the nature of stored energy, they are better
able to recognise emerging risk conditions, anticipate abnormal behaviour, and respond
appropriately.

From an academic standpoint, framing shotcrete operations in terms of energy systems
provides a unifying framework for safety analysis. Rather than treating hazards as isolated
events, risks can be evaluated based on how energy is introduced, contained, transferred,
and released. This perspective allows safety to be integrated into engineering design rather
than applied as an external constraint.

The sections that follow will examine the primary energy domains present in sprayed
concrete operations and explain how their interaction governs both performance and risk.
Understanding these systems is essential for effective control, safe execution, and
responsible engineering practice underground.

3.2 Hydraulic energy and pressure accumulation

Concrete pumping systems rely on hydraulic pressure to transport material through hoses
and pipelines.

During normal operation, pressure is generated to overcome internal friction, elevation
changes, bends, and restrictions within the delivery system. As hose length increases and
geometry becomes more complex, required pressure rises accordingly. In underground
shotcrete applications, operating pressures may exceed several tens of bar. These
pressures are not exceptional. They are a normal consequence of pumping dense, abrasive
material through long and confined delivery lines.

What makes hydraulic pressure hazardous is not only its magnitude, but its ability to remain
stored within the system. Hydraulic pressure does not dissipate instantaneously when
pumping ceases. When pumping stops, material within the hose remains under
compression. If flow has been restricted or partially blocked, pressure may be unevenly
distributed along the line. In such cases, pressure can remain trapped.
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Partial blockages are particularly dangerous. They may form due to segregation, fibre
accumulation, aggregate bridging, or changes in rheology. Flow may slow or stop without
complete obstruction, allowing pressure to build upstream while the downstream section
appears inactive. This creates a false sense of safety. Operators may assume that loss of
flow equates to loss of pressure. In reality, pressure may continue to exist behind the
obstruction. This stored energy is released suddenly if a fitting, clamp, or hose connection is
opened. When containment is removed, the compressed material expands violently toward
the point of least resistance. The release is uncontrolled and occurs faster than human
reaction time. The resulting discharge can eject concrete, hose sections, or couplings with
extreme force.

Many severe injuries in shotcrete operations have resulted from underestimating this
phenomenon. Incidents frequently occur during clearing of blockages or repositioning of
lines. Personnel may approach a stationary hose believing it to be depressurised, only to
experience sudden release when a clamp is loosened.

The hazard is invisible. There is no reliable external indication of residual pressure. Sound,
vibration, and flow are poor indicators. Pressure can remain present even when the pump is
off and the line appears static. For this reason, hydraulic energy must be treated as stored
energy rather than active energy. Safe systems of work must assume pressure exists until it
is positively relieved through controlled procedures. This includes depressurisation at
designated points and verification before manual intervention.

From an engineering perspective, understanding pressure accumulation is essential for both
equipment design and operational control. Hose ratings, coupling integrity, and clamp
selection must account not only for operating pressure, but for sudden release conditions.

Equally important is behavioural control. Personnel must understand that hydraulic systems
retain energy and that cessation of pumping does not equate to safety. Recognising
hydraulic pressure as stored energy transforms how risk is assessed. It explains why
incidents occur even in the absence of visible motion and why strict isolation procedures are
necessary before interacting with pumping systems. This understanding forms the
foundation for safe management of sprayed concrete delivery systems underground.

3.3 Compressed air as a kinetic amplifier

Compressed air is the mechanism by which concrete is accelerated toward the substrate
during shotcrete application. At the nozzle, high velocity air transfers momentum to the
concrete stream, converting stored pressure energy into directed kinetic energy. This
acceleration allows material to impact the rock surface with sufficient force to achieve
compaction and adhesion. From an engineering perspective, compressed air functions as a
kinetic energy amplifier.
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Although air pressure values are often lower than those in hydraulic pumping systems, the
volume and expansion characteristics of compressed air produce rapid energy release when
containment is lost. Air behaves differently from incompressible fluids. When compressed air
is released, it expands instantly. This expansion converts stored energy into motion without
resistance from viscosity or mass. The result is sudden and often violent movement.

This behaviour is particularly dangerous in flexible systems such as hoses. Failure of air
control results in uncontrolled motion of hoses or material. If an air line disconnects,
ruptures, or is opened under pressure, the escaping air produces thrust. This thrust can
cause hoses to whip violently, strike personnel, or propel objects through confined spaces.
Unlike hydraulic discharge, air driven movement may continue even after material flow
ceases. This risk is amplified in underground environments where hoses are long,
unsupported, and routed around corners. The stored air volume in these systems can be
substantial, even when line pressure appears moderate.

Loss of air control at the nozzle is equally hazardous. Sudden increases in air flow can
destabilise the concrete stream, reduce operator control, and cause rebound or deflection
toward personnel. In extreme cases, nozzle instability may lead to loss of grip and
uncontrolled spray direction. These events occur rapidly and without warning.

For this reason, air systems demand the same isolation discipline as hydraulic systems.
Despite operating at lower nominal pressures, compressed air systems store energy in a
highly mobile form. Pressure alone is not a reliable indicator of hazard severity. Safe practice
must therefore treat air lines as pressurised systems until positively isolated and
depressurised. Isolation must include upstream shut off, controlled venting, and confirmation
that residual pressure has been released before intervention.

From an engineering standpoint, recognising air as an energy amplifier explains why
incidents involving air systems are often severe despite apparently benign operating
conditions. It also reinforces the need for integrated isolation procedures that address both
pumping pressure and air supply together.

Understanding compressed air behaviour is essential for controlling kinetic hazards during
sprayed concrete operations. It completes the picture of how energy is introduced, amplified,
and released within the shotcrete system and prepares the foundation for analysing
combined energy interactions in the sections that follow.

3.4 Chemical energy within accelerator systems

Accelerators introduce chemical energy into the shotcrete system.
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Unlike cement hydration, which proceeds gradually after mixing, accelerators are specifically
designed to alter reaction kinetics rapidly. Their function is to trigger immediate stiffening and
early strength development at the point of application. This rapid chemical response is
central to shotcrete performance, yet it is also a source of elevated risk.

Accelerators often contain highly reactive compounds that respond aggressively in the
presence of moisture. When introduced into the wet concrete stream, these materials initiate
rapid exothermic reactions that change the physical state of the material within seconds.
From a safety perspective, this behaviour must be understood as chemical energy stored in
liquid form.

Accelerator delivery systems are typically pressurised to ensure consistent dosing. These
systems include pumps, hoses, valves, and injectors operating under continuous pressure.
This creates dual hazard conditions.

The first hazard is mechanical discharge. Pressurised accelerator lines can release fluid
violently if fittings fail, hoses rupture, or connections are loosened under pressure. Such
discharge occurs with little warning and can result in high velocity spray.

The second hazard is chemical exposure. Accelerators may be corrosive, alkaline, or
otherwise harmful upon contact with skin, eyes, or respiratory tissue. Exposure risk
increases significantly when chemicals are discharged under pressure, as atomisation
increases surface contact and inhalation potential.

The combination of these two hazards elevates risk beyond that of conventional fluid
systems. Mechanical energy determines the force of release; chemical energy determines
the severity of exposure. Together, they create an amplified hazard scenario.

This compounded risk is often underestimated because accelerator systems are smaller and
operate at lower volumes than concrete delivery lines. However, their proximity to personnel
and the nature of the chemicals involved increase potential harm.

Additionally, accelerator systems interact directly with the material behaviour. Incorrect
dosing, blocked injectors, or delayed mixing can cause premature setting at the nozzle, line
blockage, or erratic spray behaviour. These effects can indirectly trigger mechanical hazards
elsewhere in the system.

From an engineering perspective, accelerator systems must be treated as both pressure
systems and chemical handling systems. Isolation procedures must address pressure relief
and chemical containment simultaneously. Personal protective equipment must consider
splash, mist, and contact exposure. Maintenance activities must account for residual
chemical presence even after flow has ceased.
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Understanding accelerator systems as sources of stored chemical energy clarifies why strict
handling, isolation, and training requirements are necessary. These systems do not merely
add performance capability; they introduce a distinct energy domain that interacts with
hydraulic and pneumatic systems in real time.

Recognising this interaction is essential for comprehensive risk assessment in sprayed
concrete operations. It reinforces the principle that shotcrete safety cannot be managed by
addressing individual hazards in isolation, but must consider how multiple energy systems
overlap within confined underground environments.

3.5 Mechanical energy in reciprocating systems

Shotcrete pumps operate through reciprocating motion. Material is advanced by pistons or
delivery cylinders that move cyclically under hydraulic force. This motion is continuous
during pumping and may persist intermittently during start up, shutdown, or fault recovery.

Within these systems, stored mechanical energy exists in multiple forms. Moving masses
possess kinetic energy. Hydraulic actuators retain potential energy. Mechanical linkages
remain under load even when motion appears to have stopped. This energy does not
disappear when pumping is interrupted.

In many pump designs, components may remain pressurised or mechanically biased after
shutdown. Valves may be held in position by hydraulic force. Pistons may be mid stroke.
Accumulators may retain pressure intended to smooth system operation. These conditions
create latent motion potential.

Unexpected movement during fault recovery has resulted in serious crushing injuries. Such
incidents commonly occur during clearing of blockages, inspection of wear components, or
manual repositioning of delivery parts. Personnel may enter pinch zones under the
assumption that the system is inactive, only for stored energy to be released.

Movement may be triggered by pressure equalisation, valve shift, or inadvertent control
activation. Because reciprocating systems are designed to restart automatically under
certain conditions, motion may occur without deliberate command. This behaviour is
particularly dangerous in confined underground spaces where escape routes are limited.

From an engineering standpoint, mechanical energy in reciprocating systems must be
treated as stored energy rather than operational energy. The absence of visible motion does
not imply the absence of hazard. Effective control requires formal lockout procedures during
any intervention.
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Lockout must isolate all energy sources capable of producing movement. This includes
electrical supply, hydraulic pressure, stored accumulator energy, and control circuits that
may initiate automatic cycling. Mechanical restraints may also be required to prevent
unintended movement of pistons or valves.

Engineering control focuses on eliminating the possibility of motion rather than relying on
operator awareness. Procedural warnings are insufficient where stored energy is involved.
Only physical isolation provides reliable protection.

Understanding reciprocating systems in energy terms explains why injuries occur even when
pumps appear inactive. It reinforces the need for disciplined isolation practices and confirms
that maintenance and fault recovery activities carry higher risk than normal operation.
Recognising mechanical energy as a persistent hazard is essential for safe interaction with
shotcrete pumping equipment and completes the understanding of energy domains present
in sprayed concrete operations.

3.6 Geomechanical energy release

The most complex energy system present in shotcrete operations is the rock mass itself.

Unlike mechanical or hydraulic systems, geomechanical energy is not contained within
equipment. It is distributed throughout the surrounding ground and governed by geological
structure, in situ stress, and excavation geometry.

Before excavation, the rock mass stores strain energy as a result of regional and local stress
fields. This energy exists in equilibrium, maintained by confinement from the surrounding
material.

Excavation disrupts this equilibrium.

When rock is removed, confinement is lost and stored strain energy is released as the
ground adjusts to the new stress state. This release does not occur uniformly or
instantaneously. Instead, it manifests through deformation and failure mechanisms near the
excavation boundary.

Common expressions of this energy release include slabbing, spalling, and block
detachment. Slabbing occurs when tensile stresses develop parallel to the excavation
surface, causing thin plates of rock to separate and detach. Spalling involves brittle failure
and ejection of rock fragments, often associated with high stress conditions. Block
detachment occurs when intersecting discontinuities define discrete rock units that lose
support and fall under gravity once confinement is reduced.
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These mechanisms may initiate immediately after excavation or develop progressively over
time.

Importantly, ground behaviour is not passive. The rock mass continues to respond long after
blasting or mechanical excavation has ceased. Energy release may be delayed, episodic, or
triggered by minor disturbances such as vibration or moisture ingress. This unpredictability
makes geomechanical energy particularly hazardous.

Shotcrete is applied precisely to mitigate this release. By bonding to the rock surface and
restraining deformation, shotcrete limits dilation, preserves interlock, and converts potential
movement into controlled compression within the lining. In doing so, shotcrete reduces the
rate and magnitude of energy release.

However, this mitigation is not instantaneous. Until effective confinement is established, the
hazard remains active.

During early age, shotcrete may be present but not yet capable of fully restraining
movement. Adhesion is developing. Stiffness is increasing. The lining is transitioning from a
vulnerable membrane to an effective confinement system. During this period, the rock mass
may still release energy.

This creates a critical exposure window. Personnel may be required to work beneath newly
excavated ground that has not yet been stabilised, while support is in its most vulnerable
state.

Understanding this interaction is essential for safe sequencing. Shotcrete should be applied
as early as practicable, but early presence alone does not eliminate risk. Time is required for
confinement to become effective. Engineering controls must therefore consider both the
timing of application and the time required for support activation.

From a safety perspective, geomechanical energy cannot be isolated in the same way as
mechanical or hydraulic systems. It cannot be switched off or depressurised. The only
means of control is through confinement, reinforcement, and exposure management.

Recognising geomechanical energy as an active and evolving hazard clarifies why early
support, restricted access, and disciplined sequencing are fundamental requirements in
shotcrete operations.

This understanding completes the picture of stored energy systems and sets the foundation
for integrated risk control strategies in sprayed concrete environments.
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3.7 Early-age lining vulnerability

Fresh shotcrete occupies a transitional mechanical state. Immediately after application, the
material has begun to stiffen and bond to the rock surface, yet it has not developed sufficient
strength to resist significant loading. During this phase, shotcrete is present and influential,
but not yet reliable as a fully developed support element. This condition is inherently
unstable.

Early age shotcrete exhibits measurable stiffness but limited strength. Stiffness allows the
lining to participate in deformation control by resisting small movements. Strength, however,
governs the ability to sustain load without cracking, debonding, or failure. During early age,
these properties are not yet aligned. As a result, the lining can influence behaviour while still
being vulnerable to disturbance.

During this period, shotcrete may detach or deform if subjected to load or vibration. Load
may arise from local rock movement, block rotation, or stress redistribution. Vibration may
originate from nearby drilling, scaling, equipment movement, or blasting in adjacent
headings. Even low magnitude disturbances can exceed early tensile capacity or bond
strength.

Failure during early age rarely presents as sudden collapse. More commonly, it manifests as
partial debonding, cracking, or loss of continuity. These defects may not be immediately
visible but reduce confinement effectiveness.

This vulnerability creates a critical safety window. Personnel may assume that the presence
of shotcrete equates to stability. In reality, the lining may not yet be capable of performing its
intended function. This misconception has contributed to numerous near misses and
incidents in underground operations.

Understanding early age vulnerability is therefore critical for access management. Access
decisions must be based not on the presence of shotcrete alone, but on its stage of
development and expected capacity. This includes defining minimum waiting periods before
re entry, limiting activities that generate vibration, and controlling proximity to unsupported or
recently supported ground. Engineering judgement must consider both material behaviour
and ground response.

Fresh shotcrete should be regarded as a developing system rather than a completed support
element. Until sufficient bond and stiffness have formed, exposure risk remains elevated.
Effective risk control requires aligning work sequencing with support activation rather than
production targets alone.
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Recognising early age lining vulnerability allows operations to manage exposure proactively
and prevents false confidence during one of the most hazardous phases of underground
construction. This understanding forms a key link between material behaviour and safety
control in sprayed concrete operations.

3.8 Risk compounding in confined environments

Underground environments inherently amplify risk.

Unlike surface construction, underground work takes place within confined spaces where
movement, visibility, and environmental control are limited. These constraints do not create
hazards on their own, but they significantly increase the consequences of any loss of control.

Several factors act simultaneously to compound risk.

Limited escape routes are a primary constraint. Headings, drives, and crosscuts often
provide only a single path of entry and exit. When an incident occurs, personnel may have
no lateral escape options. Reaction time therefore becomes critical, and the margin for error
is minimal.

Reduced visibility further increases exposure. Dust, mist from spraying, water vapour, and
poor lighting degrade depth perception and situational awareness. Hazards that might be
obvious in open environments may go unnoticed underground. This limitation is particularly
relevant during shotcrete operations, where visual cues are already obscured by material
projection.

Restricted ventilation affects both safety and perception. Airflow limitations can concentrate
fumes, accelerator mist, and dust. Heat accumulation may increase fatigue and impair
judgement. Inadequate ventilation also delays dissipation of airborne contaminants after

spraying.

Noise masking further reduces hazard awareness. Shotcrete operations generate
continuous high noise from pumps, compressors, ventilation fans, and spraying itself.
Audible warning signs such as cracking, hose movement, or pressure release may not be
detected. This removes an important sensory feedback channel.

Together, these factors increase reliance on procedural discipline. When environmental cues
are unreliable, safety cannot depend on perception or reaction alone. Instead, it must rely on

structured systems that assume hazards are present until proven otherwise.

Procedures provide consistency where situational awareness is limited. Isolation steps,
access restrictions, waiting periods, and verification checks become the primary means of
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risk control. These controls must be applied consistently, regardless of perceived conditions.

In confined environments, deviation carries disproportionate consequence. A mistake that
might be recoverable in open space may be fatal underground due to restricted movement
and delayed response.

Understanding this compounding effect is essential for realistic risk assessment. It explains
why underground shotcrete operations require higher levels of discipline, redundancy, and
supervision than comparable surface activities.

Risk is not merely additive. It is multiplicative. Each constraint increases the impact of the
others, producing a system where tolerance for error is extremely low.

Recognising this reality reinforces the need for rigorous procedural control and prepares the
foundation for the integrated risk management strategies discussed in the sections that
follow.

3.9 Human perception and risk misjudgement

Humans assess risk primarily through sensory input. Vision, sound, vibration, and movement
provide immediate cues that allow individuals to judge whether an environment is safe or
dangerous. This approach works effectively for hazards that are visible or produce obvious
warning signals.

Stored energy does not behave in this way. Hydraulic pressure, compressed air, chemical
reactivity, and ground strain exist without obvious sensory indicators. These energy forms
may be present even when systems appear inactive.

As a result, individuals often underestimate hazards that are not visible or audible. A
stationary hose appears safe. A silent pump suggests inactivity. Fresh shotcrete gives the
impression of stability.

These perceptions are misleading. In reality, pressure may remain trapped, chemical
systems may still be reactive, and the ground may still be releasing energy. The absence of
sensory cues leads to false confidence.

This misjudgement is not due to carelessness. It arises from inherent cognitive limitations.
Human intuition evolved to respond to immediate and observable threats. It is poorly suited
to detecting latent or stored hazards. Expecting individuals to reliably perceive invisible risk
is therefore unrealistic.

This limitation has direct consequences in shotcrete operations. Many serious incidents
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occur during tasks perceived as low risk, such as clearing blockages, approaching recently
sprayed areas, or inspecting equipment after shutdown. These tasks lack obvious danger
signals, yet involve significant stored energy.

Relying on intuition in such situations is ineffective. This cognitive limitation must therefore
be addressed through training and procedure rather than expectation of awareness.

Training provides conceptual understanding of hazards that cannot be sensed directly. It
allows individuals to recognise risk based on system state rather than perception.

Procedures provide behavioural control where intuition fails. Isolation steps, waiting periods,
verification checks, and access restrictions remove reliance on personal judgement. They
convert invisible risk into explicit decision points.

From an engineering perspective, this approach is essential. Safety systems must be
designed to compensate for human limitations rather than assume ideal behaviour.
Procedures must function even when perception is misleading.

Recognising the limits of human risk perception explains why strict controls are required
even when conditions appear benign. It also reinforces the importance of consistency.
Selective application of procedures based on perceived risk undermines their purpose.

Understanding this cognitive constraint is central to safe sprayed concrete operations. It
shifts responsibility from individual intuition to engineered systems of control, which is the
only reliable method for managing stored energy in complex underground environments.

3.10 Safety as an engineering system

Effective safety does not arise from rules alone. Rules describe expected behaviour, but they
do not prevent failure on their own. In complex environments, incidents occur not because
rules are absent, but because systems allow error to propagate without interruption.

Safety in shotcrete operations must therefore be treated as an engineering system.

An engineering system anticipates failure. It assumes deviation will occur, equipment will
malfunction, and human judgement will be imperfect. Controls are then designed to prevent
these failures from leading to harm.

Shotcrete operations demand this approach. Multiple energy domains operate
simultaneously. Conditions change rapidly. Work takes place in confined environments
where consequences are severe. In such systems, safety must be embedded into how work
is designed and sequenced, not added afterward through instruction.
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Effective shotcrete safety integrates several interacting elements.

Physical isolation is fundamental. Stored energy must be removed or restrained before
intervention. This includes depressurisation of hydraulic and air systems, isolation of
chemical delivery, and mechanical lockout of moving components. Isolation provides
objective control independent of human perception.

Procedural sequencing governs exposure. Work must be structured so that high-risk
tasks are separated in time and space. Excavation, spraying, curing, and re-entry must
follow defined sequences that allow support to activate before exposure increases.

Human behaviour must be supported rather than assumed. Training must explain why
controls exist, not only what steps to follow. Feedback mechanisms must reinforce correct
behaviour. Procedures must be practical under real working conditions.

Organisational culture determines consistency. Where production pressure overrides
control discipline, safety systems degrade. Where leadership reinforces correct sequencing
and isolation, performance stabilises.

These elements cannot function independently. Physical isolation fails without procedural
discipline. Procedures fail without understanding. Understanding erodes without
organisational support. Only through integration can risk be controlled.

This integrated view transforms safety from a compliance obligation into a design function.
When safety is engineered into the system, individuals are not required to rely on judgement
alone. The system guides behaviour, limits exposure, and contains error.

This approach aligns with modern engineering practice. Just as shotcrete performance
depends on integration of material, execution, and timing, safety performance depends on
integration of technical, procedural, and human factors.

Understanding safety as an engineering system completes the discussion of stored energy
and risk in sprayed concrete operations and provides the framework for applying technical
controls in the chapters that follow.

3.11 Implications for training and supervision

Training in shotcrete operations must extend beyond memorisation of rules. Rules define
required actions, but they do not explain underlying risk. When individuals understand only
what to do and not why it matters, compliance tends to weaken under pressure, fatigue, or
abnormal conditions.
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Effective training must therefore emphasise understanding of energy systems. Personnel
must understand where energy is stored, how it can be released, and why certain actions
are prohibited even when equipment appears inactive. This understanding allows workers to
recognise hazardous states rather than relying solely on checklists. Conceptual knowledge
supports correct behaviour when conditions change. This approach is especially important in
shotcrete operations, where hazards are often invisible and system behaviour is
non-intuitive.

Supervision plays a critical role in reinforcing discipline. During routine spraying, tasks
become familiar and predictable. Under these conditions, adherence to procedure is
generally stable. However, the highest risk does not occur during normal operation.

Most serious incidents occur during abnormal conditions. Blockages, breakdowns, line
cleaning, equipment repositioning, and fault recovery introduce uncertainty. Systems behave
differently. Stored energy may be unevenly distributed. Standard cues no longer apply.
These are precisely the moments when supervision is most critical.

Supervisors must recognise abnormal conditions as high risk events rather than interruptions
to production. Their role is to slow the process, enforce isolation, and ensure correct
sequencing before intervention begins. Pressure to restore operation quickly is a common
contributor to accidents.

Training must prepare personnel for these moments. Scenario-based training is particularly
effective. By rehearsing abnormal situations, workers learn to recognise risk escalation and
apply controls deliberately rather than reactively.

Supervision must reinforce the principle that deviation during abnormal conditions carries
disproportionate consequence. This includes active presence, clear authority to stop work,
and consistent enforcement of isolation and access rules.

From an engineering perspective, training and supervision function as active safety controls.
They translate system design into behaviour at the point of risk. Without them, even
well-designed procedures degrade under operational pressure.

Recognising that incidents cluster around non-routine events allows organisations to target
their control efforts where they matter most. By aligning training with energy awareness and
supervision with abnormal condition management, shotcrete operations can significantly
reduce exposure during the most dangerous phases of work.

This understanding completes the safety framework established in Chapter 3 and prepares
the transition into the technical performance chapters that follow.
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3.12 Concluding reflection

Shotcrete is among the most hazardous construction activities undertaken underground.
This hazard does not arise from a single source. Instead, it emerges from the simultaneous
presence of pressurised systems, reactive materials, moving machinery, and unstable
ground within confined environments.

Each of these energy systems is hazardous on its own. When combined, their interaction
produces complex risk conditions that cannot be managed through isolated controls or
rule-based compliance alone.

Hydraulic pressure, compressed air, chemical reactivity, mechanical motion, and
geomechanical strain coexist during shotcrete operations. These systems operate on
different timescales and respond unpredictably when disturbed. Their interaction defines the
true risk profile.

Accidents occur not because one system fails, but because multiple systems interact during
moments of deviation, interruption, or recovery. Understanding these interactions is therefore
central to safe practice.

Engineering understanding provides the framework required to anticipate how energy is
stored, how it may be released, and how failure can propagate across systems. This
understanding allows safety to be designed rather than imposed.

When personnel comprehend why controls exist, when supervisors recognise abnormal
conditions as high risk, and when organisations reinforce disciplined sequencing, risk
becomes manageable. Without this understanding, safety depends on luck and experience
rather than structure.

Shotcrete safety is not achieved through procedures alone. It is achieved through the
application of engineering principles to human activity in complex environments.

This chapter establishes that safe sprayed concrete practice rests on the same foundation
as effective support design. Both require appreciation of interaction, timing, and system
behaviour.

With this foundation in place, subsequent chapters can address material performance,
testing, and verification within a context that recognises not only how shotcrete works, but
how it must be applied safely underground.
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CHAPTER 4

EQUIPMENT SYSTEMS AND INSPECTION DISCIPLINE

4.1 Equipment as an extension of the material system

In shotcrete engineering, equipment cannot be separated from material behaviour.

In conventional concrete construction, formwork defines geometry and vibration provides
compaction. Once placed, the concrete hardens largely independent of the equipment used
to deliver it.

Shotcrete operates under a fundamentally different principle.

There is no formwork to impose shape, density, or orientation. Instead, these characteristics
are created dynamically through projection, impact, and layering. The equipment performs
these functions.

Pumps, air systems, hoses, and nozzles govern how material moves, how energy is
transferred, and how the concrete interacts with the substrate. As a result, equipment
behaviour directly determines in place material properties. Equipment therefore functions as
an extension of the material system.

Flow behaviour is shaped by pump type, pressure stability, and line configuration. Variations
in delivery cause changes in segregation, fibre orientation, and compaction energy.

Air systems determine acceleration and impact velocity. Changes in air pressure alter
rebound, density, and surface texture.

Nozzle design influences spray pattern, mixing efficiency, and fibre distribution. Wear at the
nozzle can change material behaviour even when the mix remains unchanged.

Hose configuration introduces friction losses and pulsation. Bends, diameter changes, and
wear affect rheology and pressure response.

These factors are not external to the material. They define how the material becomes
material.

For this reason, two operations using identical mix designs can achieve different
performance outcomes solely due to equipment differences or condition. Understanding
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shotcrete performance therefore requires understanding equipment behaviour.

Material properties measured in laboratory conditions represent potential performance only.
Actual performance emerges from how equipment delivers energy to the mix and how
consistently that energy is applied.

This reality has important design implications. Equipment selection must be based on
material characteristics, fibre type, aggregate grading, and required performance. Equipment
maintenance becomes a quality control function rather than a mechanical issue alone.

Changes in equipment condition alter support behaviour. A worn rotor, fluctuating air supply,
or partially blocked hose does not merely reduce productivity. It modifies density, adhesion,
and uniformity of the lining.

From an engineering perspective, equipment forms part of the shotcrete system in the same
way that reinforcement forms part of a concrete structure. It must therefore be considered
during design, specification, and performance evaluation.

Treating equipment as separate from material leads to incorrect diagnosis of problems and
ineffective corrective actions.

Recognising equipment as an extension of the material system establishes the framework
for the detailed technical discussion that follows in this chapter.

4.2 The continuous flow circuit concept

Shotcrete systems operate as continuous flow circuits. From the point of mixing to final
impact at the substrate, material moves through a connected sequence of mechanical and
physical processes. At no stage does the concrete exist in isolation. Each segment of the
system influences the next.

Within this circuit, material is subjected to several interacting forces.

Mixing forces determine initial homogeneity. Cement dispersion, aggregate distribution, fibre
separation, and entrained air content are established at this stage. Deficiencies introduced
during mixing cannot be fully corrected later.

Pumping pressures then act on the material. Concrete is forced through pipelines under
sustained load. This pressure alters particle alignment, affects fibre orientation, and
influences internal friction. Pressure stability is therefore critical to maintaining consistent
rheology.
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Frictional resistance develops along the delivery line. Hose length, diameter, bends, wear,
and surface roughness introduce resistance that must be overcome continuously. As
resistance increases, higher pressures are required, increasing sensitivity to segregation
and blockage.

Acceleration forces occur at the nozzle. Compressed air transfers momentum to the
concrete stream, converting pressure energy into kinetic energy. This final stage determines
compaction quality, rebound behaviour, and bond development.

These forces act sequentially but continuously. Material behaviour at the nozzle is therefore
a product of everything that occurred upstream. Disruption at any stage alters downstream
behaviour.

A poorly mixed batch may pump inconsistently. Pressure fluctuations may cause pulsing at
the nozzle. Excess friction may require higher air input. Higher air input may increase
rebound and fibre loss.

These interactions explain why isolated adjustments often fail to resolve performance issues.
Changing one parameter without understanding its effect on the full circuit frequently shifts
the problem rather than eliminating it.

From an engineering perspective, the system must be analysed holistically. Shotcrete
performance cannot be improved by focusing on individual components alone. The entire
flow path must be considered as a coupled system where material, energy, and equipment
interact continuously.

This approach mirrors principles used in fluid mechanics and process engineering. Flow
stability, energy balance, and continuity govern system behaviour more reliably than nominal
equipment ratings or mix design values alone.

Understanding the continuous flow circuit concept provides a framework for diagnosing
problems logically. Rather than reacting to symptoms at the nozzle, engineers can trace
behaviour upstream and identify the true source of instability.

This perspective is essential for effective troubleshooting, equipment selection, and process
optimisation. It establishes the foundation for the detailed examination of pumping
mechanisms, pressure behaviour, and delivery system design in the sections that follow.

4.3 Mixing efficiency and material homogeneity

Uniform mixing is essential for achieving consistent rheology in shotcrete. Rheology governs
how the material flows, deforms, and responds to pressure throughout the delivery system.
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When mixing is effective, the concrete behaves predictably under pumping and spraying
conditions.

When mixing is incomplete, behaviour becomes unstable. Partial mixing produces zones
within the batch that differ in water content, cement dispersion, fibre concentration, and
paste cohesion. These variations may not be visible during batching but become evident
once the material enters the flow circuit.

Such heterogeneity cannot be corrected downstream. Pumping and spraying do not remix
the material. They merely transport it. Any inconsistency introduced during mixing is
preserved and often amplified as the material is subjected to pressure and shear.

During spraying, these inconsistencies manifest clearly. Areas with higher water content tend
to flow excessively, rebound more readily, and exhibit poor build up. Areas with lower water
content may appear stiff, resist compaction, and promote fibre balling or nozzle blockage.
Variations in fibre concentration result in inconsistent post crack behaviour and uneven
toughness within the lining.

The operator experiences this as unstable spraying conditions. Rebound fluctuates without
apparent cause. Layer build up becomes irregular. Surface texture changes unexpectedly.
These symptoms are often misattributed to nozzle technique or accelerator behaviour. In
reality, the root cause frequently lies in mixing efficiency.

Mixer condition therefore directly influences application quality. Worn paddles, reduced
mixing volume, incorrect charging sequence, or inadequate mixing time reduce
homogenisation. Over time, even well designed mixers lose effectiveness as components
wear.

Batch size also plays a role. Overloading mixers reduces shear energy per unit volume,
leading to incomplete dispersion. Underloading may result in poor circulation and
segregation.

Consistency between batches depends on disciplined control. Variations in moisture content
of aggregates further complicate mixing. Without adjustment, fluctuating moisture produces
variable effective water content, even when measured additions remain constant.

From an engineering perspective, mixing represents the first critical control point in the
shotcrete system. If homogeneity is not achieved at this stage, downstream control becomes
reactive rather than preventative. Understanding the link between mixing efficiency and field
behaviour allows engineers to diagnose performance issues accurately and avoid
unnecessary adjustments elsewhere in the system.
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Effective shotcrete performance begins before pumping starts. It begins in the mixer.

4.4 Pump mechanics and pressure behaviour

Most shotcrete pumping systems rely on piston pumps operating in a reciprocating cycle. In
their basic form, these pumps move concrete by alternately filling and discharging cylinders.
Each piston stroke delivers a discrete volume of material, after which the opposing piston
takes over. This operating principle inherently produces a pulsating flow rather than a
perfectly continuous one.

Pulsation is therefore not a defect. It is a mechanical characteristic of piston pumping.
However, uncontrolled pulsation is detrimental to shotcrete application. To address this,
modern pumps incorporate changeover systems designed to smooth the transition between
piston strokes. These systems include synchronised valve timing, cushioning mechanisms,
and hydraulic control intended to minimise pressure drop during cylinder changeover.

When functioning correctly, the changeover system mitigates pulsation. Flow at the outlet
becomes sufficiently uniform that downstream behaviour approximates steady state
conditions. Pressure oscillations remain within a narrow band, and material delivery to the
nozzle appears continuous.

Mechanical wear degrades this behaviour. As seals, valves, hydraulic components, and
changeover mechanisms wear, timing precision is lost. Small delays or leaks develop at the
moment of cylinder handover. Pressure momentarily drops and then recovers with each
cycle.

This increases pressure fluctuation amplitude. Instead of a smooth pressure profile with
minor oscillation, the system develops pronounced peaks and troughs. These fluctuations
propagate downstream through the hose system.

At the nozzle, this manifests as surging or intermittent discharge. The spray stream
alternately accelerates and decelerates. Material delivery becomes uneven. Operators
experience this as a rhythmic pulsing or hesitation in flow that cannot be corrected through
nozzle technique alone.

These phenomena have direct consequences for lining quality. Compaction relies on
consistent impact energy. When velocity fluctuates, some material impacts with sufficient
normal force while other portions arrive with reduced momentum. The result is uneven
densification within the same pass.

Rebound increases accordingly. During low velocity phases, particles fail to embed and are
deflected. During high velocity phases, excessive tangential energy may increase rebound
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rather than improving compaction. Fibre distribution becomes less uniform as fibres respond
differently to fluctuating flow.

These effects are often misattributed. Poor compaction or high rebound is blamed on
operator skill, air settings, or mix design. In reality, the root cause lies upstream in pump
mechanics and pressure stability.

From an engineering perspective, pressure behaviour is therefore a diagnostic indicator of
pump condition. Stable pressure with minimal fluctuation indicates healthy changeover
performance. Increasing pulsation amplitude indicates mechanical degradation that will
manifest as quality loss at the nozzle long before catastrophic pump failure occurs.

This understanding has practical implications. Operators may subconsciously compensate
for pulsation by adjusting nozzle distance, air, or angle. While this may temporarily mask
symptoms, it increases variability and hides the underlying mechanical issue.

Professional practice does not rely on compensation. It recognises that uniform material
delivery is a prerequisite for consistent compaction, fibre orientation, and rebound control.
When pressure behaviour degrades, maintenance is required, not technique adjustment.

This section reinforces a broader principle of shotcrete engineering. Application quality is
inseparable from equipment condition. The nozzle is not the beginning of the system. It is
the final expression of upstream mechanical behaviour. Where pump mechanics are stable,
execution can be controlled. Where pump mechanics degrade, even skilled execution
cannot restore uniformity.

4.5 Frictional resistance in hoses

Most wet mix shotcrete systems rely on piston pumps to transport material through the
delivery line. These pumps operate through reciprocating motion, where alternating pistons
draw material into one cylinder while the other discharges into the pipeline. This mechanism
produces high delivery pressures and allows pumping of stiff, fibre reinforced concrete.

However, this method does not produce continuous flow by default. Piston pumps inherently
generate pulsating flow. Each piston stroke creates a pressure rise followed by a pressure
drop during changeover. Without compensation, this cyclic behaviour would result in highly
unstable delivery.

To reduce this effect, pumps incorporate changeover systems. These systems coordinate
valve movement and piston timing to smooth transitions between strokes. When functioning

correctly, they minimise pressure loss and maintain relatively steady flow.

Despite this, some degree of pulsation always remains. As mechanical components wear,
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pressure fluctuation amplitude increases. Wear in delivery cylinders, piston seals, spectacle
plates, or valves reduces sealing efficiency. This allows pressure leakage during stroke
reversal and amplifies flow variation.

Hydraulic systems may also contribute. Fluctuating hydraulic pressure, worn accumulators,
or delayed valve response increase inconsistency in piston motion. These effects compound
over time and may not be immediately apparent during visual inspection.

At the nozzle, pressure instability manifests clearly. The operator experiences surging or
intermittent discharge. Material may accelerate and decelerate rhythmically. The spray
pattern becomes uneven, even when nozzle technique remains constant.

These symptoms are often misinterpreted as operator error. In reality, they are mechanical in
origin.

Pressure fluctuations reduce compaction quality. Consistent compaction requires stable
impact energy. When velocity varies, some material strikes the surface with insufficient
energy while other portions rebound excessively. This inconsistency increases rebound and
reduces density.

Intermittent discharge also disrupts layer build up. Instead of forming a uniform mat, material
accumulates unevenly. Cold joints and internal voids may develop between pulses.

Fibre orientation is similarly affected. Pulsation alters flow alignment, leading to irregular
fibre distribution and reduced post crack performance.

From an engineering perspective, pressure stability is a primary quality control parameter. It
links equipment condition directly to material behaviour.

Maintenance of pump components is therefore not merely a mechanical concern. It is
essential for achieving consistent shotcrete performance. Understanding pump mechanics
allows engineers and supervisors to diagnose spray issues accurately and avoid incorrect
corrective actions.

Where pressure behaviour is unstable, no amount of adjustment at the nozzle can fully
compensate. Stable pumping is a prerequisite for effective spraying. This principle forms the
basis for evaluating delivery systems and highlights the importance of mechanical condition
in shotcrete engineering.
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4.6 Effect of hose degradation

Hoses form a critical component of the shotcrete delivery system. They provide flexibility,
allow routing through confined excavations, and complete the continuous flow circuit
between pump and nozzle. Despite this importance, hose condition is often assessed only
by external appearance.

This approach is inadequate. Internal hose wear alters surface roughness. As concrete flows
through the hose, abrasive aggregates and fibres progressively erode the internal lining.
Over time, a smooth internal surface becomes irregular, pitted, and roughened. This
degradation occurs even when the hose appears externally intact.

Externally intact hoses may therefore exhibit significant internal abrasion. Because wear is
internal, visual inspection from the outside provides little indication of true condition. A hose
may appear serviceable while offering substantially increased resistance to flow.

This increase in friction is not linear or predictable. Localised wear zones, particularly at
bends or near couplings, create uneven resistance. These zones disrupt flow patterns and
generate local pressure drops. As a result, friction increases unpredictably along the line.

The pump responds by generating higher pressure to maintain flow. This additional pressure
may mask the underlying problem while increasing stress on the system. Importantly, such
changes are not detectable through pressure readings alone. A pressure gauge indicates
total system pressure, not where resistance occurs. Gradual increases may be attributed to
longer pumping distance or stiffer material, while the true cause remains hidden.

This creates diagnostic uncertainty. Operators may compensate by increasing water or air,
which temporarily restores flow but degrades material performance. In this way, hose
degradation indirectly leads to reduced density, increased rebound, and inconsistent build

up.

From an engineering perspective, hose condition represents a hidden variable. It alters
system behaviour without providing clear warning signals. Failure often occurs suddenly,
either as blockage, hose rupture, or unstable spraying behaviour. This reinforces the
importance of inspection.

Effective control requires scheduled hose rotation, internal inspection where possible, and
replacement based on service life rather than visible damage alone. Engineering judgement
must treat hoses as consumable components whose performance degrades progressively.

Understanding the effect of hose degradation allows engineers to interpret changes in spray
behaviour correctly and maintain flow stability across the system. Ignoring this factor shifts
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control downstream and increases reliance on operator compensation, which undermines
consistency and quality.

Hose integrity is therefore not a maintenance detail. It is a governing parameter in shotcrete
performance.

4.7 Transitional geometry and reducers

Shotcrete delivery systems rely on stable flow conditions.

Any change in geometry within the delivery line alters how material moves and how energy
is distributed. These effects are especially pronounced where the internal diameter changes.
Sudden changes in diameter generate turbulence.

When material is forced from a larger diameter into a smaller one without gradual transition,
velocity increases abruptly. This acceleration disrupts the organised flow of particles and
creates chaotic movement within the stream. Turbulence develops at the transition zone.

Within this region, coarse aggregate, fines, cement paste, and fibres respond differently to
changes in velocity. Heavier particles lag while finer material accelerates, leading to local
separation. This process promotes segregation.

Once segregation begins, the grading envelope becomes distorted. Zones enriched in
coarse material increase friction and form bridging points. Zones rich in paste behave
differently under pressure and may stiffen prematurely. These local disturbances often
become the initiation points for blockages.

Reducers provide gradual transition. A properly designed reducer allows velocity to change
progressively rather than abruptly. Energy is redistributed smoothly, maintaining particle
alignment and minimising turbulence. This reduces pressure loss and preserves
homogeneity.

Gradual transitions are particularly important in fibre reinforced shotcrete, where fibres are
sensitive to abrupt directional and velocity changes. Failure to use reducers significantly
increases blockage probability.

Direct couplings between different hose diameters, or abrupt transitions at fittings, create
persistent problem locations within the circuit. These areas experience repeated stress,

wear, and material separation.

Blockages at reducers are rarely random. They reflect geometric incompatibility rather than
material inconsistency.
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From an engineering perspective, transitional geometry must be treated as a design
parameter rather than an installation convenience. Reducers should be selected based on
diameter ratio, length, and flow direction. Their placement should minimise sharp transitions,
especially upstream of high stress zones such as bends or nozzle assemblies.

Understanding the influence of geometry reinforces the principle that stable shotcrete flow
depends on continuity. Disruptions in geometry disrupt material behaviour.

Effective design therefore prioritises smooth transitions throughout the delivery system,
reducing energy loss, improving consistency, and lowering the probability of blockage. This
principle applies equally to hoses, steel lines, couplings, and nozzle assemblies.

Geometry is not neutral. It actively shapes flow behaviour.

4.8 Nozzle as a mixing reactor

The nozzle functions as a dynamic mixing reactor. It is the point at which concrete,
compressed air, and accelerator converge within a confined and highly energetic
environment. Within fractions of a second, these components must combine uniformly to
produce controlled setting and stable projection.

This process is not incidental. It defines early age behaviour of the sprayed material. Unlike
upstream components that primarily transport material, the nozzle actively transforms it.
Chemical reactions are initiated, flow regime changes, and kinetic energy is imparted at this
location. For this reason, the nozzle must be treated as a critical process unit.

Concrete enters the nozzle under pressure. Compressed air accelerates the stream.
Accelerator is injected into the flow immediately prior to discharge. Uniform interaction
between these elements is essential. If distribution is uneven, parts of the material may
receive insufficient accelerator while others receive excess. This imbalance leads directly to
inconsistent setting behaviour.

Small variations in geometry or sealing dramatically affect reaction efficiency. Internal wear
alters flow paths. Minor misalignment can shift mixing zones. Loss of sealing allows air or
accelerator to escape before proper interaction occurs. Worn O rings are a common source
of degradation. When sealing integrity is reduced, accelerator may leak or bypass the
intended injection point. This results in uneven chemical distribution within the concrete
stream.

Similarly, blocked or partially obstructed injector ports distort dosing patterns. Instead of
uniform dispersion, accelerator enters as concentrated jets or intermittent pulses. These
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localised reactions produce zones of rapid stiffening adjacent to zones of delayed setting.

The effects become visible almost immediately. Uneven build up, tearing of fresh material,
variable rebound, and patchy surface texture are typical symptoms. Operators may attempt
to compensate through nozzle movement, but this cannot correct internal chemical
imbalance. Over time, these conditions increase blockage risk and reduce lining uniformity.

From an engineering perspective, nozzle condition governs both mechanical and chemical
performance. It controls not only how material impacts the surface, but how hydration is
initiated. Because deterioration often occurs internally, visual inspection alone is insufficient.
Routine disassembly, cleaning, and seal replacement are essential for maintaining
predictable behaviour.

Understanding the nozzle as a mixing reactor clarifies why small defects can have
disproportionate effects. At this point in the system, reaction times are short and tolerances
are narrow. Minor deviations are amplified into significant performance variation. The nozzle
therefore represents one of the most sensitive components in the entire shotcrete process.

Maintaining its integrity is not optional. It is central to consistent setting behaviour, stable
spraying, and reliable support performance.

4.9 Accelerator dosing stability

Accelerator dosing systems operate under demanding conditions. They are required to
deliver very small volumes of chemical at high frequency while maintaining precise
proportionality to concrete flow. This task becomes more complex as pump output fluctuates,
hose lengths vary, and operating conditions change.

Accelerator pumps therefore operate within narrow tolerance bands. Any instability in dosing
is transferred directly into the material. Flow instability results in inconsistent early strength.
When accelerator delivery fluctuates, sections of the sprayed material receive different
chemical input despite identical mix design. This creates uneven hydration kinetics across
the lining. The result is variable stiffening behaviour.

Under dosing leads to delayed setting. Material lacks sufficient early cohesion, resulting in
sagging, sloughing, or excessive rebound. Build up becomes difficult, particularly on
overhead surfaces. Operators may respond by increasing air or reducing stand off distance,
which further degrades quality.

Over dosing produces the opposite problem. Excess accelerator causes extremely rapid

stiffening. While this may appear beneficial in the short term, it often leads to reduced long
term strength, increased shrinkage, and brittle behaviour. High accelerator concentrations

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%Ss rssmining.co.za

MINING

can disrupt cement hydration, resulting in lower final compressive strength and reduced
durability. These effects are often not immediately visible. A lining may appear stable at early
age while exhibiting inferior long term performance.

Because early age behaviour is highly sensitive to dosing accuracy, even small fluctuations
have measurable impact. This sensitivity is amplified in high temperature environments
where reaction rates are already elevated. From an engineering perspective, dosing stability
is therefore central to shotcrete performance. It governs early age strength development,
adhesion, build up behaviour, and long term material quality.

Achieving stability requires more than correct calibration. Pump response must match
concrete delivery rate. Control systems must compensate for flow variation. Injection points
must remain clean and functional. Routine verification is essential. Blockages, air
entrainment, or wear within dosing lines can cause intermittent delivery that is not apparent
from nominal pump settings alone.

Understanding accelerator dosing as a dynamic control system explains why early age
performance can vary even when mix design and application technique remain unchanged.
Dosing stability forms the link between chemical design intent and physical outcome.
Without stable dosing, neither early confinement nor long term performance can be reliably
achieved. This principle reinforces the broader theme of this chapter. Shotcrete quality is
governed not by individual components, but by the stability of the systems that connect
them.

4.10 Equipment ageing and performance drift

Equipment performance degrades gradually. Unlike sudden mechanical failure, most
deterioration in shotcrete equipment occurs incrementally. Components wear, clearances
increase, sealing effectiveness declines, and response times lengthen. This process is
continuous and unavoidable.

As equipment ages, its behaviour shifts. Pumps lose volumetric efficiency. Valves seal less
effectively. Hoses become rough internally. Nozzles develop asymmetric flow paths. Dosing
systems lose calibration accuracy. Each change may be small in isolation. Together, they
alter system behaviour. This gradual change is referred to as performance drift.

Performance drift often goes unnoticed. Because degradation occurs slowly, operators adapt
subconsciously. Minor adjustments are made to air pressure, water content, or accelerator
dosage to maintain apparent operability. These compensations mask the underlying
problem. As a result, equipment may continue to function while operating further outside its
intended performance envelope.
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The risk is that quality degrades silently. Density decreases. Rebound increases. Fibre
distribution becomes inconsistent. Early strength becomes unpredictable. By the time failure
occurs, performance may have been compromised for an extended period. This delayed
recognition is dangerous.

It leads to reactive maintenance rather than controlled intervention. When failure finally
becomes visible, it often presents as blockage, rupture, or unstable spraying under
production pressure.

Systematic inspection is the only effective method to identify degradation early. Inspection
must focus on functional condition rather than visible damage alone. This includes:

Measuring pump pressure stability rather than peak output
Inspecting internal hose condition rather than external appearance
Checking nozzle sealing and injector cleanliness

Verifying dosing accuracy under operating conditions

Inspection intervals must reflect wear rate, not calendar time. High abrasion environments
require more frequent assessment. Fibre reinforced mixes accelerate wear and demand
closer monitoring.

From an engineering perspective, maintenance functions as quality control. Equipment
condition directly influences material behaviour. Allowing degradation to progress unchecked
introduces variability that no design specification can compensate for. Recognising
performance drift transforms maintenance from a mechanical necessity into an engineering
requirement.

Stable equipment produces stable material behaviour. Unstable equipment produces
unpredictable performance, regardless of mix design or operator skill. Understanding this
principle completes the discussion of equipment as an extension of the material system. It
reinforces the central theme of this chapter. Shotcrete performance depends on system
stability, not isolated components.

4.11 Human interaction with equipment

Operators interact continuously with shotcrete equipment. Through experience, they develop
sensitivity to flow behaviour, pressure response, and spray stability. This awareness allows
them to make small adjustments during operation to maintain workable conditions. This
process occurs largely subconsciously.

When equipment performance begins to drift, operators instinctively compensate. Air

pressure is increased. Nozzle distance is adjusted. Accelerator dosage is altered. Water may
be added at the nozzle. These actions often restore short term operability.

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%Ss rssmining.co.za

MINING

However, this adaptation masks underlying problems. The system continues to function, but
only because human input is compensating for mechanical degradation. The apparent
stability is therefore artificial. This masking effect delays recognition of true equipment
condition. Because output remains acceptable, inspection and intervention are postponed.
Degradation continues unnoticed beneath the surface.

Over time, the degree of compensation required increases. Each adjustment moves the
system further from its intended operating envelope. Material behaviour becomes
increasingly sensitive to small disturbances. Eventually, compensation capacity is exceeded.

At this point, operators can no longer correct instability through technique alone. Flow
becomes erratic. Setting behaviour becomes unpredictable. Blockage risk increases sharply.
When failure occurs, it is abrupt. The system transitions rapidly from marginally functional to
non functional. This sudden shift often occurs under production pressure, increasing both
safety and quality risk.

From an engineering perspective, this pattern is predictable. Human adaptation delays
failure but does not prevent it. Instead, it converts gradual degradation into sudden collapse.
Recognising this interaction is critical.

Stable systems should not rely on operator compensation. Equipment should perform within
design limits without continual adjustment. When consistent compensation is required, it is
an engineering warning sign. Supervision must recognise adaptive behaviour as diagnostic
information rather than good performance. Operators adjusting settings repeatedly are often
signalling equipment degradation, not demonstrating skill.

Understanding this dynamic allows organisations to intervene early. By addressing
equipment issues before compensation limits are reached, failure can be prevented and
performance stabilised.

This chapter reinforces a central principle of shotcrete engineering. Human skill can enhance
performance, but it must not be used to conceal system instability. True reliability arises from
stable equipment supported by competent operation, not from continual adaptation to
deterioration.

4.12 Engineering implication

Shotcrete equipment must be maintained not merely for operability, but for performance
consistency. Operability ensures that material can be pumped and sprayed. Performance
consistency ensures that the material behaves as assumed in design.
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These are not the same requirement. A system may remain operable while delivering highly
variable output. In such cases, production continues, but engineering intent is no longer
being met.

Engineering design assumptions rely on predictability. Design thickness, fibre dosage, early
strength development, and confinement behaviour are all based on the expectation that
shotcrete will be applied in a consistent and repeatable manner. When equipment
performance becomes unstable, these assumptions collapse.

Pressure fluctuations alter compaction. Dosing instability alters early strength. Flow
inconsistency alters density and fibre distribution. The design may still appear compliant on
paper, but actual behaviour underground diverges from the assumed model. This divergence
undermines reliability.

Increasing material specifications cannot correct instability at the system level. Thicker
linings, higher cement contents, or increased fibre dosages cannot compensate for
inconsistent delivery. In such cases, apparent conservatism masks functional deficiency.

From an engineering perspective, equipment stability forms part of the design boundary
conditions. If execution cannot reliably achieve the assumed behaviour, the design itself is
no longer valid. This places responsibility on engineering to consider equipment capability
explicitly.

Designers must understand the limits of the delivery system, the maintenance regime in
place, and the variability that can be tolerated. Where equipment performance cannot be
stabilised, design assumptions must be adjusted accordingly. This may involve simplified
support systems, increased redundancy, or modified sequencing to reduce sensitivity.

Maintenance therefore becomes an engineering control, not a support function. Routine
inspection, calibration, and replacement schedules are mechanisms for preserving the
integrity of design assumptions. Without them, engineering intent becomes aspirational
rather than operational.

Recognising this relationship closes the discussion of equipment as part of the material
system. Shotcrete performance is not defined by mix design alone. It emerges from the
interaction of material, equipment, human behaviour, and maintenance discipline.
Engineering must account for all of these if predictable and safe outcomes are to be
achieved.

4.13 Concluding reflection

Equipment discipline represents one of the clearest distinctions between professional and
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improvised shotcrete operations.

In controlled operations, equipment is treated as part of the engineering system. lts condition
is known, its behaviour is monitored, and its limitations are understood. Performance
outcomes are therefore repeatable and predictable.

Where inspection discipline is strong, variability is constrained. Flow remains stable. Dosing
remains consistent. Spray behaviour remains uniform. Design assumptions remain valid
over time. In these conditions, shotcrete performance can be evaluated meaningfully
because the execution environment is stable.

Where inspection discipline is weak, uncertainty accumulates. Equipment degradation
proceeds unnoticed. Operators compensate instinctively. Adjustments replace control.
Performance becomes dependent on individual experience rather than system reliability.
Outcomes then depend on chance. Good results may occur intermittently, but they cannot
be relied upon. Failures appear without warning because the system has been operating
beyond its tolerable limits.

This distinction has direct engineering significance. Predictable performance allows rational
design, structured verification, and continuous improvement. Unpredictable performance
undermines all three.

Equipment discipline therefore functions as a foundation for professionalism in sprayed
concrete engineering. It is not a maintenance preference. It is a prerequisite for control.

This reflection closes the discussion of equipment behaviour and reinforces the central
principle of this chapter. Shotcrete is a system. Equipment is not peripheral to that system. It
defines how material behaves and whether engineering intent is realised in practice.

Without disciplined inspection and maintenance, shotcrete ceases to be an engineered
process and becomes an improvised one. The chapters that follow will build on this
foundation by addressing material properties and testing within a context where execution
stability is assumed, not hoped for.
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CHAPTER 5

PUMPING MECHANICS AND HYDRAULIC BEHAVIOUR OF WET SHOTCRETE

5.1 Introduction to pumped concrete behaviour

The pumping of wet shotcrete involves the forced movement of a heterogeneous material
through confined geometry. Unlike simple fluids, shotcrete is composed of solids suspended
within a cementitious paste. Aggregates, cement particles, fibres, entrained air, and water
interact continuously as the material is subjected to pressure and shear. This internal
complexity governs how the material flows.

From a rheological perspective, wet shotcrete behaves as a non-Newtonian suspension. Its
flow does not respond linearly to applied force. Instead, it exhibits yield stress behaviour. A
minimum stress level must be exceeded before movement begins. Below this threshold, the
material behaves as a solid. Above it, the material flows. This dual behaviour is central to
pumped shotcrete performance.

Yield stress provides shape stability once the material is placed. It prevents slumping and
excessive deformation at the substrate. At the same time, the yield stress must be low
enough to allow pumping through hoses without blockage. This balance is delicate.

Once movement begins, flow behaviour depends on more than stress magnitude alone.
Confinement plays a critical role. Within hoses and pipes, the material is constrained by rigid
boundaries. Particle interaction, wall friction, and internal shear zones develop. These
effects do not occur uniformly across the cross section. Instead, a lubricating layer of paste
often forms near the hose wall, while the bulk material moves as a plug. Stability of this
lubricating layer is essential for continuous flow.

Internal structure further influences behaviour. Aggregate grading affects packing density.
Fines content governs paste continuity. Fibre type and dosage influence internal friction and
alignment. Air content alters compressibility and flow resistance. Changes to any of these
parameters alter rheological response.

As applied stress increases, behaviour may transition. At low stress, flow is slow and stable.
At higher stress, shear thinning may occur, reducing apparent viscosity. Under extreme
stress or instability, segregation may begin as particles respond differently to acceleration.
These transitions are not always gradual. Small changes in pressure or geometry can
produce disproportionate changes in flow behaviour. Understanding this response is
essential for predicting stability.
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Stable pumping requires that yield stress, viscosity, and internal structure remain within a
controlled envelope throughout the delivery circuit. When this envelope is exceeded, flow
becomes erratic, pressure rises, and blockage risk increases sharply. This explains why
pumping problems often appear suddenly. The system may operate near its stability limit for
extended periods. Minor changes in temperature, hose condition, or mix consistency then
push behaviour beyond the threshold.

From an engineering standpoint, pumped shotcrete must be treated as a controlled
rheological system rather than a simple transport problem. Design, equipment selection, and
operational control must aim to preserve stable flow conditions rather than merely achieve
movement.

This understanding forms the foundation for the detailed discussion of yield stress,
lubrication mechanisms, segregation risk, and flow stability in the sections that follow.

5.2 Pressure as a response variable

In concrete pumping systems, pressure is not an input variable.

This distinction is fundamental and frequently misunderstood in practice. Operators often
speak of “applying pressure” as though pressure were something actively selected or
controlled. From an engineering standpoint, this interpretation is incorrect.

The pump delivers volume.

A positive displacement pump moves a defined quantity of material per cycle. Its primary
controlled variable is volumetric flow rate. Pressure does not originate from the pump as a
command. Instead, it emerges as a consequence of resistance encountered by that flow.
The system determines pressure.

As concrete is forced through hoses, bends, reducers, elevation changes, and surface
roughness, resistance develops. Pressure rises only to the level required to overcome this
resistance and sustain the imposed flow rate.

This relationship is reactive, not directive.

When resistance increases due to geometry, segregation, abrasion, partial blockage, or

material stiffening, pressure rises automatically. The pump does not “decide” to increase
pressure; it is forced to do so in order to continue delivering volume.
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This distinction has critical implications.

Pressure is therefore a diagnostic outcome, not a control setting. It reflects the state of the
system at that moment. High pressure indicates high resistance. Low pressure indicates low
resistance. Pressure itself does not improve flow conditions.

As resistance increases, pressure rises until equilibrium is achieved or failure occurs.
Equilibrium exists when pump capacity, material behaviour, and system geometry are
compatible. Failure occurs when resistance exceeds the system’s ability to dissipate energy
safely, resulting in blockage, hose rupture, or mechanical damage.

Forcing the system by increasing pump output does not reduce resistance.

It accelerates it.

Higher flow rate increases velocity. Higher velocity increases shear. Increased shear
promotes segregation, fibre interlock, and boundary layer disruption. Resistance rises
further, driving pressure higher still.

This creates a dangerous escalation.

From an an engineering perspective, pressure rise is a warning signal.

It indicates that the system is deviating from its intended operating condition. Treating
pressure as something to be “used” rather than something to be interpreted leads to
misdiagnosis and unsafe intervention.

This misunderstanding is widespread in practice.

Operators respond instinctively to pressure rise by pushing harder, assuming insufficient
pressure is the problem. In reality, pressure rise is evidence that something else is wrong.
Geometry, material condition, timing, or cleanliness has changed.

Understanding pressure as a response variable reframes control logic.

The correct response to rising pressure is not increased force, but investigation and
reduction of resistance. Output should be reduced. Flow should be stabilised. Conditioning

should be restored.

This principle underpins safe pumping, blockage prevention, and energy management.
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Pressure is not the lever by which control is exerted.

It is the indicator by which control decisions should be guided.

Failure to internalise this distinction explains many catastrophic pumping incidents. Success
in shotcrete pumping depends on recognising pressure not as a tool, but as the system
speaking.

5.3 Rheological complexity of shotcrete

In pumping systems, pressure is not an input variable. This distinction is fundamental and
frequently misunderstood in practice.

The pump delivers volume. The system determines pressure.

A pump is designed to move a given volume of material per stroke or per unit time. It does
not generate pressure independently. Pressure develops only as a reaction to resistance
encountered within the delivery system.

This resistance arises from multiple sources. Friction along hose walls resists movement.
Bends and reducers introduce local losses. Vertical elevation adds hydrostatic demand.
Material rheology governs internal shear resistance.

As resistance increases, pressure rises. The pumping system responds automatically. To
maintain volumetric flow, the pump must apply greater force. This force manifests as
increased pressure within the delivery line.

Pressure therefore reflects system condition. It is a consequence, not a control.

As resistance continues to increase, pressure rises until one of two outcomes occurs. Either
equilibrium is achieved, where applied pressure balances resistance and stable flow
continues, or failure occurs.

Failure may take several forms. The material may cease to flow, resulting in blockage. A
weak point in the system may rupture. The pump may stall or trigger pressure relief

mechanisms.

Importantly, increasing pressure does not resolve the underlying problem. It merely allows
the system to tolerate higher resistance for a limited time.

This distinction is often misunderstood in practice. Operators may interpret rising pressure
as something to be controlled directly. Adjustments are made to pump output, air pressure,
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or water addition in an attempt to manage pressure.

In reality, these actions change resistance rather than pressure itself. Adding water reduces
yield stress and friction. Increasing air alters velocity and compaction response. Changing
hose configuration alters flow geometry.

When pressure is treated as an input, diagnosis becomes reactive rather than analytical.
The correct engineering question is not how to reduce pressure, but why resistance has
increased.

Pressure gauges therefore serve as diagnostic tools. A gradual rise may indicate hose wear
or rheology drift. A sudden spike may indicate partial blockage or geometric disruption.
Pressure instability may reflect pulsation, segregation, or air entrainment.

Interpreting pressure correctly allows early intervention. Misinterpreting it leads to
compensation strategies that degrade material quality and increase downstream risk.

From an engineering standpoint, stable pumping is achieved by controlling resistance, not by
forcing pressure. Design and operation must therefore focus on maintaining predictable
rheological behaviour, smooth geometry, and consistent equipment condition.

When resistance is controlled, pressure remains within a stable operating envelope.

Understanding pressure as a response variable clarifies why pumping failures often appear
sudden. The system approaches its resistance limit gradually, but pressure masks this
progression until a threshold is exceeded. Once exceeded, failure is rapid.

This concept underpins all subsequent discussion of blockage mechanisms, segregation,
and flow instability. Without it, pressure readings are numbers without meaning. With it,
pressure becomes a powerful indicator of system health.

5.4 Role of aggregate and fibre interaction

Aggregate properties play a central role in pumped shotcrete behaviour. Aggregate size,
shape, surface texture, and grading determine how particles pack, slide, and transmit force
within the cement paste, defining the internal resistance to flow.

Aggregate size governs obstruction potential. As the maximum particle size increases, the
likelihood of particle bridging at constrictions rises. Reducers, bends, worn hose sections,
and valve seats become critical locations where large particles may interlock and resist
movement.
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Shape and surface texture influence friction. Rounded aggregates roll and rearrange more
easily under shear, whereas angular aggregates interlock and resist relative movement. In
pumped systems, this increased inter-particle friction translates directly into higher
resistance. In Southern African mining contexts, aggregates are often crushed and highly
angular. While this improves the mechanical bond in hardened concrete, it increases
pumping demand and sensitivity to flow disruption.

Grading controls packing density. Well-graded aggregates create dense packing with
reduced void space. This can improve strength and durability, but it also increases contact
points between particles, which increases frictional resistance during flow. Poorly graded
systems behave differently. Gap-graded mixes may exhibit lower friction initially but are more
prone to segregation and instability under pressure. Once segregation begins, local
resistance increases sharply.

Fibres introduce an additional interaction mechanism. Unlike aggregates, fibres are
elongated elements. They do not simply slide past one another. Instead, they overlap,
entangle, and mechanically interlock with both aggregates and other fibres. This interlocking
increases resistance to flow. As fibre dosage increases, internal friction rises
disproportionately. The material becomes more sensitive to changes in pressure, geometry,
and rheology. Fibre orientation matters. Aligned fibres may pass through hoses with limited
resistance, but randomly oriented fibres increase the probability of hooking and bridging,
particularly at bends and transitions.

The combined effect of aggregate and fibre interaction is cumulative. Angular aggregates
increase baseline resistance, and fibres add mechanical interlocking on top of this
resistance. Together, they narrow the stability window of the pumping system. This
cumulative effect must be accounted for in system design. Pump capacity, hose diameter,
bend radius, reducer geometry, and dosing stability must all be selected with the combined
resistance in mind. Designing for aggregate alone or fibre alone is insufficient.

Failure to account for interaction leads to marginal systems. Such systems may operate
acceptably under ideal conditions but fail abruptly when minor deviations occur, such as
temperature change, hose wear, or slight moisture variation.

From an engineering perspective, aggregate and fibre selection cannot be separated from
delivery system capability. Material design and equipment design must be matched. A mix
that performs well in laboratory tests may be unsuitable for long-distance pumping with tight
geometry. Conversely, a mix adjusted for pumpability may require changes in support
strategy.

Understanding particle interaction explains why pumping problems often increase sharply
when fibres are introduced or aggregate sources change. These are not secondary effects;
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they are fundamental drivers of flow resistance. Accounting for them explicitly allows
engineers to design systems with adequate margin rather than relying on operator
compensation or increased pressure. This principle prepares the ground for understanding
segregation, plug formation, and blockage initiation in the sections that follow.

5.5 Wall slip and boundary layer formation

During pumping, shotcrete does not move as a uniform mass across the hose cross section.
Instead, a lubricating paste layer, known as wall slip, forms along the hose wall. This layer
consists primarily of cement paste, fines, water, and entrained air, with a reduced
concentration of coarse aggregate and fibres.

The boundary layer acts as a lubricant. It separates the bulk material from direct contact with
the hose wall, reducing friction and allowing the core of the material to move as a plug.
When this layer is continuous and stable, pumping resistance remains low and predictable.
Stable pumping depends on the integrity of this boundary layer. Once established, it allows
relatively stiff, aggregate-rich concrete to be transported over long distances with
manageable pressure.

However, the boundary layer is fragile, and its disruption causes resistance to increase
sharply. Several conditions commonly disrupt wall slip. During start-up, the hose wall is
initially dry or coated with residual hardened material. Until a lubricating layer forms,
aggregate particles contact the wall directly, creating high friction and a rapid pressure rise.

Sudden changes in diameter or geometry also disrupt the boundary layer. At reducers,
couplings, or worn hose sections, the paste layer may be stripped away or locally thickened.
Aggregate then contacts the wall, increasing resistance and promoting particle interlock.

Flow interruptions are another cause. When pumping stops, the boundary layer may
collapse or drain away under gravity. Restarting without re-lubrication forces material to
shear directly against the hose wall. In all of these cases, resistance increases non-linearly.
Pressure rises rapidly, often giving the impression of a sudden blockage even though the
underlying cause is a loss of lubrication rather than material inconsistency.

Lubrication slurry promotes rapid boundary layer formation. A lubrication slurry is typically a
cement-rich or fine-rich mix introduced ahead of the concrete. Its purpose is to coat the hose
wall and establish a stable paste layer before the main material arrives. This practice
significantly reduces start-up pressure and lowers the blockage risk. Lubrication is
particularly important in long lines, small diameter hoses, fibre-reinforced mixes, and
systems with tight bends.

Failure to lubricate does not always cause immediate blockage. Instead, it creates a
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marginal condition where pressure remains elevated and the system operates close to its
resistance limit. Minor disturbances then trigger failure.

From an engineering perspective, wall slip is not optional behaviour. It is the primary
mechanism that allows pumped shotcrete to move at all. Maintaining the boundary layer
requires appropriate mix design, disciplined start-up procedures, smooth geometry, and
avoidance of unnecessary flow interruptions.

Understanding wall slip explains why pumping failures often occur at start-up, after pauses,
or at transitions. It also explains why lubrication slurry is not merely a convenience, but a
critical control measure in pumped shotcrete systems. Without a stable boundary layer,
pressure becomes uncontrollable and the risk of blockage increases sharply. This principle
sets the stage for understanding plug formation and sudden flow arrest, which are
addressed in the next section.

5.6 Hydraulic losses in confined systems

Hydraulic losses in pumped shotcrete systems increase non-linearly with velocity. This
non-linear behavior is fundamental to understanding why systems that appear stable can fail
abruptly when output is increased only slightly.

In confined delivery systems, resistance to flow arises from friction at the hose wall, internal
shear within the material, and energy losses at bends, reducers, and fittings. These losses
do not increase in direct proportion to the flow rate. As velocity increases, losses accelerate.

At low to moderate flow rates, increases in velocity result in manageable increases in
pressure. During this stable phase, the boundary layer remains intact, internal shear zones
are stable, and plug flow is preserved.

As velocity increases further, the situation changes significantly. Wall friction rises sharply as
shear rates increase. Turbulence intensifies at geometric discontinuities. Internal particle
interactions become more energetic, increasing inter-particle friction and fiber entanglement.
These compounding effects mean that small increases in flow rate can produce
disproportionate increases in the required pressure.

This non-linear response is often counterintuitive in practice. Operators may increase pump
output slightly to improve productivity or overcome perceived stiffness. However, instead of
achieving marginally higher flow, the system may experience a rapid pressure rise.
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Once pressure approaches system limits, several failure modes become likely:

e The boundary layer may collapse, increasing friction further.
e Local segregation may occur, forming high-resistance zones.
e Particles may bridge at bends or reducers.

Any one of these conditions can trigger blockage. This explains why marginal output
increases often trigger blockages. The system is not operating with surplus capacity; it is
operating near a critical threshold. Increasing velocity pushes the system beyond its stable
operating envelope.

Importantly, the failure does not occur gradually. Because resistance increases non-linearly,
the transition from stable flow to blockage can occur over a very small change in output. To
the operator, the failure appears sudden and unexpected.

From an engineering perspective, this behavior must be anticipated. Pumping systems
should be designed to operate well below their maximum capacity under normal conditions.
This margin accommodates variability in material properties, temperature, hose condition,
and execution. Operating near maximum output leaves no buffer; in such conditions, minor
deviations become failure triggers.

Understanding non-linear hydraulic losses reinforces a key principle: Stable pumping is
achieved through controlled flow, not maximum flow. Designers and operators must resist
the temptation to push output beyond the stable range. Productivity gains achieved this way
are short-lived and often offset by downtime from blockages and system stress.

This principle links directly back to earlier discussions on pressure as a response variable.
When resistance increases sharply with velocity, pressure becomes an early warning signal
rather than a control target. Recognizing this behavior allows engineers to interpret pressure
trends correctly and maintain pumping within a stable, predictable regime. This
understanding is essential for preventing sudden failures in confined shotcrete delivery
systems.

5.7 Turbulence and flow instability

Concrete pumping ideally occurs under laminar or transitional flow conditions. In these
regimes, material movement is ordered, velocity gradients are predictable, particle alignment
is preserved, and energy losses remain controlled and proportional to flow rate. Shotcrete
systems are designed to operate within this range.

Turbulence represents a departure from stable flow. When turbulence develops, velocity

fluctuates locally and chaotically. Energy is dissipated through eddies rather than transmitted
efficiently along the flow path. For heterogeneous materials such as shotcrete, this has

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%Ss rssmining.co.za

MINING

immediate mechanical consequences.

Turbulence disrupts particle alignment. Aggregates experience differential acceleration, fines
migrate unevenly, and fibres rotate, entangle, and hook. The lubricating boundary layer
becomes unstable or locally stripped away. Once this occurs, resistance increases rapidly.

Turbulence does not develop uniformly along the line; it is most commonly initiated at
geometric disturbances. Abrupt reducers, sharp bends, sudden diameter changes, worn
couplings, and internal obstructions all introduce flow separation and recirculation zones.
These zones act as turbulence generators. Downstream of such locations, flow may never
fully recover. Instead, instability propagates along the system, increasing pressure demand
and sensitivity to further disturbance.

This is why reducers and smooth routing are essential to stability. Gradual transitions allow
velocity changes to occur without flow separation. Large bend radii preserve particle
alignment, and smooth internal surfaces reduce boundary layer disruption. These features
do not merely reduce friction; they preserve the flow regime.

From an engineering perspective, turbulence is not simply inefficient; it is destabilising. Once
turbulence is established in a pumped shotcrete system, the operating envelope narrows
dramatically. Small changes in flow rate, material consistency, or temperature then trigger
rapid escalation toward blockage.

Operators cannot correct turbulence at the nozzle. They experience its effects as erratic
discharge, pulsing, excessive rebound, or sudden pressure spikes. Attempts to compensate
often worsen the underlying instability. Control must therefore be upstream. System
geometry, hose condition, and transition design determine whether flow remains ordered or
becomes chaotic.

Understanding turbulence as a system level phenomenon explains why some delivery lines
pump reliably for long periods while others fail repeatedly despite similar materials and
operators. Stable pumping is not achieved by force; it is achieved by preserving flow order.

This principle reinforces the broader theme of this chapter: Shotcrete pumping success
depends on maintaining controlled rheological behaviour through disciplined system design,
smooth geometry, and avoidance of unnecessary disturbance. When flow remains laminar or
transitional, performance is predictable. When turbulence dominates, failure becomes
inevitable.

5.8 Progressive blockage development

Blockages in pumped shotcrete systems rarely occur instantaneously. In most cases,
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blockage develops through a progressive accumulation process that begins with a minor
local disturbance and escalates rapidly once critical conditions are reached.

The initial trigger is often small. A slight geometric irregularity, local loss of lubrication, partial
segregation, fibre entanglement, or internal hose wear creates a zone of increased
resistance. At this stage, flow may continue with little visible consequence.

This initial restriction increases local shear. As the effective cross section is reduced,
material is forced to accelerate through the constriction. Shear rates rise sharply at the
restriction boundary, altering local rheology.

Higher shear destabilises the boundary layer and increases particle interaction. This change
in local flow behaviour attracts coarse particles and fibres. Heavier aggregates tend to
migrate toward zones of lower velocity, while fibres rotate and hook within regions of
disturbed flow. Instead of passing through the restriction, these components begin to lodge
against it.

This accelerates accumulation. As material collects, the restriction grows. Each incremental
reduction in cross section increases shear further, creating a positive feedback loop.
Resistance rises faster than pressure can compensate.

At this stage, pressure may still appear manageable. Operators may respond by increasing
pump output or air pressure, unknowingly intensifying the accumulation process. The system
remains marginally functional, but stability has already been lost.

Once a critical cross section reduction is reached, flow collapses. The remaining opening is
no longer sufficient to allow plug flow. The boundary layer fails completely. Material upstream
compresses while downstream flow ceases.

This transition occurs rapidly. To the operator, blockage appears sudden. In reality, the
system has been degrading progressively, often over several minutes or longer.

From an engineering perspective, this explains several common observations. Blockages
tend to occur at predictable locations such as reducers, bends, worn hoses, and nozzle
assemblies. They often follow periods of elevated pressure or unstable spraying. They are
frequently triggered after minor changes in output or material consistency.

Understanding progressive blockage development reframes troubleshooting. The cause is
rarely the final accumulation point alone. It lies upstream in the conditions that initiated

instability and allowed accumulation to begin.

Effective prevention focuses on early indicators. Rising pressure trends, increased rebound,
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pulsing discharge, or changes in spray sound often precede blockage. Addressing these
signals early prevents escalation.

This understanding reinforces the broader principle of pumped shotcrete behaviour. Failure
is rarely random. It is the predictable outcome of progressive instability within a confined
system.

Recognising blockage as a process rather than an event allows engineers and operators to
intervene before flow collapses, reducing downtime, equipment stress, and safety risk.

5.9 Acoustic and vibrational indicators

Pumped shotcrete systems produce continuous acoustic and vibrational feedback. This
feedback arises from piston movement, material flow, pressure fluctuation, and interaction
between the concrete and the delivery system. Although rarely instrumented, these signals
contain valuable information about the system's condition.

Experienced operators often detect early instability through sound and vibration. This ability
is not instinctive; it develops through repeated exposure to stable and unstable operating
states. Over time, operators associate certain sounds and vibrations with predictable system
behavior.

Changes in pump tone correlate closely with pressure variation. Under stable conditions, the
pump produces a consistent rhythmic sound. Stroke transitions are smooth, and pressure
recovery is uniform. This acoustic pattern reflects balanced resistance within the system.

As resistance begins to increase, this pattern changes. The pump tone may deepen,
sharpen, or fluctuate irregularly. Stroke timing may sound uneven. These changes indicate
rising pressure and increased load on mechanical components.

Similarly, vibrational feedback changes. Hoses may begin to pulse more noticeably. Nozzle
vibration may increase or become irregular. These effects reflect pressure oscillation,
boundary layer instability, or developing pulsation within the flow.

These sensory cues often appear before gauges register critical values. Pressure
instruments provide averaged or delayed readings. Acoustic and vibrational changes occur
in real time, making them sensitive, early indicators of instability.

However, these cues are only valuable when understood correctly. Without context, sound

and vibration may be dismissed as normal variation or mechanical noise. Inexperienced
personnel may ignore early warning signs until a blockage occurs.
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From an engineering perspective, this highlights an important principle: Human sensory
input, when trained and interpreted systematically, can function as an informal monitoring
system.

This does not replace instrumentation; it complements it. Effective operations recognize
acoustic and vibrational cues as diagnostic information rather than background noise.
Supervisors and engineers should treat operator observations as data points, not opinions.

Formalizing this knowledge improves control. Training can include exposure to stable and
unstable sound profiles. Operators can be taught which changes indicate increasing
resistance, loss of lubrication, or flow disruption.

When integrated with pressure trends and visual observations, sensory cues provide a
layered early warning system. This understanding also explains why blockages often occur
shortly after subtle changes are noticed.

The system is already unstable. Audible and vibrational changes are the first outward
expression of internal degradation. Recognizing and responding to these signals early allows
intervention before progressive blockage reaches the point of flow collapse.

This chapter reinforces a recurring theme: Shotcrete pumping stability is best managed
through awareness of system behavior, not reliance on single indicators. When acoustic and
vibrational feedback are understood as part of the engineering system, they become
powerful tools for maintaining stable, predictable performance.

5.10 Misinterpretation of pressure readings

Pressure gauges provide a single, averaged measure of system response, indicating the
overall pressure required to maintain flow through the delivery circuit at a given moment.
This information is useful but incomplete.

Pressure gauges do not reveal where resistance is occurring. Localised restrictions can exist
within the system while average pressure remains within acceptable limits. These
restrictions may be confined to short hose sections, bends, reducers, worn couplings, or
partially obstructed nozzle components. Because the gauge integrates resistance across the
entire circuit, local problems may be masked.

A small but critical restriction may contribute only marginally to total pressure at first. The
gauge reading appears normal, even though instability has already begun at a specific
location. This creates a false sense of security. As long as pressure remains below alarm
thresholds, operators may assume the system is healthy. In reality, progressive blockage
may be developing unseen.
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This explains a common field observation: blockages often occur without any prior pressure
warning. Operators report that pressure was stable immediately before flow collapse. The
explanation lies in localisation. Restriction develops locally; accumulation accelerates locally.
Only when the restriction grows large enough to influence overall resistance does average
pressure rise sharply. By then, failure is imminent. Thus, acceptable pressure readings may
coexist with dangerous local conditions.

This limitation is inherent to pressure measurement. Pressure gauges are not spatially
resolved instruments; they cannot distinguish between distributed friction and concentrated
obstruction. Relying on pressure alone therefore leads to misinterpretation.

From an engineering perspective, pressure must be interpreted as one indicator among
many. It should be considered alongside:

Trends rather than absolute values

Acoustic and vibrational changes

Spray stability at the nozzle

Rebound behaviour and build up consistency
Operator feedback

Holistic observation is essential. Understanding system behaviour requires integrating
multiple signals to form an accurate picture of flow stability. Pressure provides context, but it
does not provide diagnosis on its own.

This reinforces a broader principle of pumped shotcrete engineering: stable operation
depends on system awareness, not single parameter control. When pressure readings are
treated as definitive, emerging instability is overlooked. When they are treated as part of a
broader diagnostic framework, they become valuable tools.

Recognising the limitations of pressure measurement allows engineers and operators to
respond earlier, intervene more effectively, and prevent sudden failure. This understanding
completes the discussion of pumping behaviour and prepares the ground for transitioning
from flow mechanics into testing, verification, and performance control in the chapters that
follow.

5.11 Influence of temperature and time

Temperature exerts a strong influence on pumped shotcrete behaviour. It affects both the
rheological properties of the material and the rate of chemical reactions within the
cementitious system. These effects occur simultaneously and reinforce one another.

As temperature increases, viscosity decreases initially. At elevated temperatures, cement
paste becomes more fluid at early stages, which may give the impression of improved
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pumpability. Yield stress may appear lower, and flow may begin more readily. This effect is
temporary.

High temperatures also accelerate hydration. As hydration progresses more rapidly, internal
structure develops sooner. Flocculation increases, paste stiffens, and yield stress rises over
time. The material therefore becomes progressively more resistant to flow while still within
the delivery system. This change is time dependent.

At higher temperatures, the rate of resistance increase is faster. A system that pumps
acceptably at start up may become marginal within minutes if temperature remains elevated.
This behaviour is often misinterpreted. Operators may assume that a mix which pumped well
initially will remain stable. In reality, the pumping window narrows as time passes.

Long stoppages significantly increase blockage risk. When pumping is interrupted, material
within the hose is no longer sheared continuously. The lubricating boundary layer degrades.
Hydration proceeds locally. Paste begins to stiffen against the hose wall. Even short delays
can be critical in hot conditions.

Upon restart, the pump must overcome increased resistance from partially stiffened material.
Pressure rises rapidly. Boundary layer formation may fail. Localised plugs may already exist.

The risk is not uniform along the line. Sections exposed to higher ambient temperature, such
as near headings with poor ventilation or near equipment heat sources, stiffen faster. These
locations often become initiation points for blockage.

Time therefore functions as a hidden variable. Two systems with identical mix design and
geometry may behave differently solely due to differences in temperature and interruption
duration.

From an engineering perspective, temperature and time must be treated as coupled control
parameters. Pumpability is not a static property. It decays with time, and the rate of decay
increases with temperature.

Effective control requires:

Minimising unnecessary stoppages

Coordinating batching and spraying to reduce residence time
Adjusting mix design or accelerator strategy for ambient conditions
Re lubricating lines after extended interruptions

Ignoring the influence of temperature and time leads to false confidence. Systems appear
stable until resistance increases beyond control capacity, at which point failure is sudden.
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Understanding this interaction explains why blockages often occur after delays, shift
changes, or equipment breakdowns, particularly in warm environments.

It reinforces a central theme of pumped shotcrete behaviour: Stability exists within a limited
time window. Engineering control must be designed to operate within that window, not
assume indefinite tolerance.

5.12 Engineering implications for design

Pumped shotcrete systems must be designed conservatively. Pumping distance, hose
diameter, output rate, and equipment capacity define the resistance envelope within which
stable flow can be maintained. These parameters cannot be selected based on nominal
performance alone; they must account for real operating conditions.

Material properties vary. Aggregate moisture changes, grading fluctuates, and fibre
distribution is never perfectly uniform. Temperature varies with depth, ventilation, and
season.

Execution introduces further variability. Hose wear progresses. Geometry changes as lines
are extended or rerouted. Stoppages occur. Operators compensate differently under
pressure. Design margins must accommodate this variability.

A system designed to operate near its theoretical capacity under ideal conditions will operate
at or beyond its limits in the field. Under these circumstances, small deviations trigger
instability. Over optimised systems lack resilience; they perform well on paper and poorly
underground.

Conservative design provides tolerance. Larger hose diameters reduce shear stress and
friction. Shorter pumping distances reduce cumulative losses. Lower output rates preserve
stable flow regimes. These choices may appear inefficient from a productivity standpoint. In
practice, they improve reliability. Stable systems experience fewer blockages, lower
equipment stress, and more consistent material quality. Downtime decreases. Safety
improves. Overall productivity often increases despite lower nominal output.

From an engineering perspective, this represents optimisation at the system level rather than
the component level. Design must prioritise predictable performance over maximum
throughput. This requires explicit recognition of uncertainty. Design assumptions must be
tested against worst credible conditions rather than best case scenarios. Where uncertainty
cannot be reduced, margin must be increased.

This philosophy applies equally to new installations and temporary extensions. As pumping
distance increases, design parameters must be revisited. What was conservative initially
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may become marginal over time.

Recognising these implications aligns pumping design with the realities of underground
shotcrete operations. It closes the discussion of pumped concrete behaviour by reinforcing a
central principle: Shotcrete pumping success is not achieved by pushing systems to their
limits. It is achieved by designing systems that operate comfortably within them.

5.13 Concluding reflection

Concrete pumping is a dynamic balance between force and resistance.

The pump applies force in the form of volumetric displacement. The system responds
through resistance generated by geometry, material structure, and time-dependent effects.
Pressure emerges from this interaction.

This balance is constantly changing. Material properties evolve with temperature and time.
Hose condition degrades. Geometry changes as lines are extended. Flow stability shifts as
output is adjusted.

Successful shotcrete operations recognize this dynamic behavior. Pressure is not a target to
be achieved; it is an indicator of system state. Rising pressure signals increasing resistance.
Fluctuating pressure signals instability. Stable pressure reflects controlled flow within the
operating envelope.

When pressure is treated as something to be forced down or pushed through, failure follows.
Increasing output to overcome resistance does not restore stability. It accelerates
degradation of the boundary layer, intensifies turbulence, and promotes accumulation at
weak points. Short-term gains are achieved at the expense of resilience.

Engineering control arises from understanding behavior. This understanding allows
engineers and operators to interpret pressure trends correctly, recognize early instability, and
intervene before thresholds are crossed. It shifts decision-making from reaction to
anticipation.

Forcing output replaces understanding with brute force. It masks underlying problems until
failure becomes unavoidable. Behavior-based control does the opposite. It respects system
limits, preserves flow stability, and maintains consistent performance over time.

This reflection closes the discussion of pumped shotcrete behavior. It reinforces a central
principle of this manual: Shotcrete engineering succeeds not by maximizing force, but by
managing resistance. Where behavior is understood, systems remain stable. Where force is
prioritized over understanding, instability is inevitable.
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CHAPTER 6

HOSE SYSTEMS, REDUCERS, AND PRESSURE TRANSITIONS

6.1 Introduction to geometric control in pumping systems

In concrete pumping systems, geometry governs behaviour as strongly as material
composition. While mix design defines potential behaviour, geometry determines how that
behaviour is realised during transport. The internal dimensions and layout of the delivery
system directly control velocity, shear rate, and stress distribution within the material. These
effects are mechanical, not theoretical.

Even minor changes in cross sectional area significantly affect flow conditions. When
diameter decreases, velocity increases for a given output rate. As velocity increases, shear
rate rises. Higher shear alters internal particle interaction, increases friction, and destabilises
the lubricating boundary layer. These changes are not proportional. A small reduction in
diameter produces a disproportionate increase in resistance. Pressure rises sharply, and
stability margins narrow. Conversely, increases in diameter reduce shear and friction,
improving tolerance to variability.

Geometry therefore functions as a flow regulator. It defines how close the system operates
to critical thresholds beyond which instability develops.

In shotcrete systems, these geometric effects are magnified. Shotcrete contains high solids
concentrations, angular aggregates, and fibres. These components are highly sensitive to
changes in confinement and shear. Fibres respond strongly to velocity gradients and
directional changes. Aggregates interlock more readily under elevated shear. Paste stability
becomes increasingly fragile as geometry tightens. As a result, geometric discontinuities that
might be tolerated in plain concrete pumping become critical in shotcrete systems.
Reducers, couplings, bends, and worn sections exert outsized influence on behaviour.

Geometry also governs where instability initiates. Flow problems rarely originate randomly.
They develop at predictable locations where geometry forces abrupt changes in velocity or
direction. Understanding geometry therefore allows prediction rather than reaction.

From an engineering perspective, pumping systems must be viewed as geometric networks
rather than simple conduits. Every diameter change, bend radius, transition length, and
surface condition modifies the stress environment experienced by the material. Ignoring
these effects leads to designs that are theoretically adequate but practically unstable.
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This chapter establishes geometric control as a central theme. Subsequent sections will
examine how diameter selection, bend radius, routing strategy, and component wear interact
to define system resilience. Understanding geometry is essential for designing pumping
systems that remain stable under real operating conditions, rather than only under ideal
assumptions.

6.2 Velocity transformation through diameter change

Flow velocity in a pumping system is inversely proportional to cross-sectional area. For a
given volumetric output, any reduction in diameter forces the material to accelerate. This
relationship is purely geometric and applies regardless of material type. The magnitude of
this effect is often underestimated.

A reduction from 75 mm to 50 mm internal diameter reduces the cross-sectional area by
approximately 56 percent. To maintain the same output, velocity must increase by roughly a
factor of two. This is not a marginal change; it represents a fundamental transformation in
the flow regime.

Such velocity amplification generates intense shear. As velocity increases, shear rates at the
hose wall and within the material rise sharply. Particle interactions become more energetic.
Fibres experience greater rotational and tensile forces. The lubricating boundary layer is
placed under increased stress. These effects destabilise flow.

The higher velocity also increases impact forces at any downstream disturbance. When
accelerated material encounters bends, reducers, worn sections, or nozzle components, the
kinetic energy involved is substantially higher. Instead of flowing smoothly, particles collide,
deflect, and interlock. This increases local resistance.

Importantly, the system does not experience this change uniformly. The highest stresses
occur at the transition itself and immediately downstream. These zones become preferred
locations for boundary layer disruption, segregation, and accumulation. Once instability
initiates at such a location, it propagates upstream.

From an engineering perspective, diameter reduction is not a neutral adjustment; it is a force
multiplier. A seemingly modest change in hose size alters velocity, shear, energy dissipation,
and blockage probability simultaneously.

This explains a common field observation: Systems that pump reliably with 75 mm hose
often become unstable when extended with 50 mm sections, even when overall distance

increases only slightly. The problem is not length alone; it is velocity amplification.

This behaviour is especially critical in fibre-reinforced shotcrete. Fibres are highly sensitive to
velocity gradients. Doubling velocity dramatically increases the likelihood of fibre
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entanglement, hooking, and bridging at downstream restrictions.

Designers must therefore treat diameter transitions with extreme caution. Reducing diameter
should only be done when absolutely necessary, and only with full awareness of the
resulting velocity increase. Where reduction is unavoidable, transition length, bend radius,
and downstream geometry must be optimised to mitigate the amplified forces.

Understanding velocity transformation through diameter change clarifies why many pumping
problems are triggered not by material inconsistency, but by geometric decisions. Flow does
not fail because the concrete changes; it fails because the system forces it to behave
differently. This principle underpins all subsequent discussion of reducers, routing strategy,
and geometric continuity in shotcrete pumping systems.

6.3 Boundary layer disruption

During stable pumping, a lubricating paste layer forms along the hose wall. This boundary
layer consists primarily of cement paste, fines, water, and entrained air. It separates the bulk
material from direct contact with the hose surface and enables plug flow with relatively low
friction. The integrity of this layer is essential. As long as it remains continuous, internal
resistance stays predictable, and pressure remains within a stable range.

Abrupt diameter reduction destroys this layer. When material is forced suddenly from a
larger diameter into a smaller one, velocity increases sharply at the transition. The paste
layer is unable to accelerate uniformly with the bulk material. As a result, it is stripped away
or thinned unevenly at the reducer entrance.

Once this occurs, coarse aggregate and fibres come into direct contact with the hose wall.
This contact dramatically increases friction. Without the lubricating layer, wall shear stress
rises sharply. Particle interlock intensifies, and fibres hook against surface irregularities.
Resistance escalates rapidly over a very short distance.

This escalation is non-linear. The initial loss of lubrication causes a pressure increase. The
higher pressure further compresses the material against the wall, worsening boundary layer
collapse. This creates a reinforcing cycle that accelerates instability. The system may
continue to pump briefly; however, it is now operating in a degraded state.

This phenomenon explains why blockages often originate at reducers. Reducers concentrate
several destabilising effects in one location: they impose sudden velocity increase, disrupt
the boundary layer, and amplify shear and particle interaction. Once accumulation begins at
this point, progressive blockage develops quickly.

Importantly, the reducer itself may not be faulty. Even a correctly manufactured reducer can
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cause instability if the transition is too abrupt for the material and flow conditions. The issue
is geometric severity, not workmanship alone.

From an engineering perspective, reducers must be treated as high-risk components. Their
length, taper angle, surface condition, and downstream geometry determine whether
boundary layer integrity can be preserved. Gradual transitions reduce acceleration gradients
and allow the paste layer to reform progressively. Abrupt transitions do not.

This understanding reinforces a critical design principle: stable pumping depends on
preserving the boundary layer. Any geometric feature that strips it away becomes a likely
failure point. Recognising boundary layer disruption as the root mechanism allows engineers
to predict where blockages will occur and design systems that avoid these conditions rather
than react to them. This principle sets the foundation for the next sections, which examine
bend radius, directional change, and cumulative geometric effects in pumping systems.

6.4 Particle collision concentration

At geometric transitions within pumping systems, material is forced to change direction and
velocity simultaneously. Coarse aggregate and fibres possess mass and momentum. When
flow is redirected or accelerated abruptly, these particles cannot follow the new flow path
instantaneously. Momentum forces, therefore, dominate particle behaviour at transitions.

As material enters a reducer, bend, or coupling, the bulk paste accelerates and redirects
more readily than the solid components. Coarse particles and fibres lag behind due to
inertia. This lag concentrates particle impact at the transition lip. Instead of moving smoothly
through the change in geometry, particles collide repeatedly with the leading edge of the
transition. These impacts are not random; they occur at predictable locations where velocity
gradients and directional change are greatest.

Each collision slightly retards particle movement. Individually, these events are insignificant,
but collectively, they initiate micro accumulation. Particles that lose momentum tend to
remain near the impact zone. Fibres hook or rotate, and aggregates lodge momentarily
against surface irregularities or each other.

Once a small cluster forms, it alters local flow. The effective cross-section is reduced. Local
velocity increases around the obstruction, and shear intensifies at its boundary. This
reinforces the accumulation process. More particles are deflected toward the obstruction.
Fibre entanglement increases. Paste is stripped away, further exposing rough surfaces.

Over time, accumulation becomes macroscopic. What began as microscopic lodging evolves
into a visible restriction. Resistance increases. Pressure rises. Flow stability deteriorates. At
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this stage, the process accelerates rapidly. The system transitions from marginal operation
to imminent blockage.

From an engineering perspective, this mechanism explains why blockages form
preferentially at specific locations rather than randomly along the line. It also explains why
these locations often fail repeatedly unless geometry is changed. The problem is not the
material passing through the transition; it is the transition itself.

Understanding particle collision concentration reframes blockage prevention. Improving mix
consistency alone will not eliminate accumulation if momentum forces remain excessive.
The solution lies in reducing velocity gradients, smoothing transitions, and preserving
alignment. This reinforces a core geometric principle of shotcrete pumping: Particles must be
guided, not forced.

When geometry imposes abrupt changes, particle inertia works against flow stability.
Accumulation is not a possibility; it is a mechanical certainty. This understanding prepares
the ground for examining bend radius effects and cumulative directional changes in the
sections that follow.

6.5 Fibre behaviour at transitions

Fibres behave fundamentally differently from aggregate during pumping. Aggregate particles
are compact, roughly equidimensional, and respond primarily through translation and
collision. Fibres, by contrast, are elongated elements with a high length-to-diameter ratio,
and this geometry governs their behaviour under flow.

During stable pumping, fibres tend to align with the direction of movement. Shear within the
hose causes fibres to orient longitudinally, reducing drag and allowing them to move with the
bulk material. When alignment is maintained, fibres contribute to resistance but do not
dominate it.

This alignment is fragile. At sudden geometric transitions, the flow field changes abruptly.
Velocity gradients increase and direction changes over short distances. Fibres cannot
reorient instantaneously; instead, they rotate.

As fibres rotate, their effective cross-section increases, and drag rises sharply. Ends
protrude into neighbouring flow paths, promoting interlocking. Fibres hook onto other fibres,
coarse aggregate, surface irregularities, or the transition lip itself. Once hooked, fibres resist
further movement and act as anchors within the flow.

This behaviour is highly efficient at trapping material. Even a small number of interlocked

fibres can initiate accumulation. Paste and fines collect around the fibre cluster, and
aggregates lodge against it. The obstruction grows rapidly, accelerating blockage formation.
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Unlike aggregate-driven accumulation, fibre-driven blockage can develop quickly, even at
moderate resistance levels. Fibres create a mechanical framework that stabilises the
obstruction and prevents re-dispersion. This is why fibre-reinforced shotcrete systems are far
more sensitive to geometric severity than plain concrete systems. Transitions that are
tolerable for aggregate alone become critical once fibres are introduced.

From an engineering perspective, fibre behaviour imposes strict limits on allowable
geometry. Abrupt reducers, tight bends, worn couplings, and misaligned joints are no longer
minor inefficiencies; they become primary failure initiators. Design must therefore
accommodate fibre dynamics explicitly. This includes selecting larger diameters, longer
transition lengths, generous bend radii, and smooth internal surfaces. Fibre dosage and
length must be matched to system geometry and pump capability.

Ignoring fibre behaviour leads to predictable failure. Blockages attributed to mix
inconsistency or operator error are often geometric in origin, driven by fibre rotation and
interlock at transitions.

Understanding this mechanism reinforces a key principle of shotcrete pumping: Fibres
amplify geometric sensitivity. Systems that are stable without fibres may become unstable
once fibres are added unless geometry is adapted accordingly.

This understanding prepares the foundation for examining cumulative geometric effects and
routing strategy in the sections that follow.

6.6 Clamp zones as stress concentrators

Clamp locations represent inherent geometric discontinuities within pumping systems.
Although their primary function is mechanical connection, clamps introduce local changes in
stiffness, alignment, and internal diameter. These changes are small in absolute terms but
significant in their mechanical effect.

Under pumping pressure, local deformation occurs. Hoses expand elastically under internal
pressure. At clamp locations, this expansion is constrained. The hose wall is compressed
between the coupling and clamp, while adjacent hose sections remain free to deform. This
mismatch creates stress concentration.

Internally, the flow path is rarely perfectly smooth across a clamp zone. Minor steps,
misalignment, or ovalisation of the hose can exist even when the connection appears

visually acceptable. These irregularities disturb flow.

As pressure increases, deformation becomes more pronounced. The hose may bulge
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upstream of the clamp while remaining constrained at the fitting. This creates a local
reduction in effective cross section at the clamp interface. The result is increased local shear
and friction.

Particles experience abrupt changes in confinement. Fibres rotate and hook. Aggregate
impacts concentrate at the transition between flexible hose and rigid coupling. These zones
therefore experience higher mechanical and hydraulic stress than adjacent sections.

This explains why clamp zones are common initiation points for failure. Blockages frequently
begin immediately upstream of clamps. Hose ruptures often occur adjacent to clamps rather
than in free hose sections. Coupling separation occurs where deformation and load are
highest. These failures are not random. They reflect predictable stress concentration
behaviour.

Clamp zones also degrade faster. Repeated pressure cycling causes micro movement
between hose and fitting. Internal abrasion accelerates. Sealing surfaces wear unevenly.
Over time, this increases geometric irregularity and resistance.

From an engineering perspective, clamp zones must be treated as critical locations. They
require careful alignment during assembly, correct clamp selection, and controlled tightening
to avoid excessive deformation. Regular inspection should focus on internal condition and
alignment, not external appearance alone.

Reducing the number of clamp zones improves stability. Where possible, longer continuous
hose sections reduce the frequency of stress concentrators. Where clamps are unavoidable,
their placement should avoid coinciding with bends, reducers, or other geometric
disturbances.

Understanding clamp zones as stress concentrators reinforces a broader principle. In
pumped shotcrete systems, small geometric discontinuities have disproportionate effects.
Control is achieved not by eliminating all discontinuities, but by recognising where they exist
and managing their cumulative impact.

This understanding prepares the ground for examining cumulative geometry effects and
routing strategy in the next sections.

6.7 Hose flexibility and dynamic response

Flexible hoses do not behave as rigid conduits. Under pumping pressure, hose walls deform
elastically. The diameter increases, wall thickness redistributes, and local geometry changes
along the length of the hose. These changes occur continuously as pressure fluctuates
during operation. This deformation alters internal geometry dynamically.

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%Ss rssmining.co.za

MINING

As pressure rises, the hose expands. As pressure drops, it contracts. In systems with
pulsation or pressure cycling, this expansion and contraction repeats many times per minute.
Consequently, the internal flow path is not fixed. Local diameter changes modify velocity and
shear rate in real time. Boundary layer thickness varies, and particle alignment adjusts
continuously to the changing confinement.

These effects are usually small in magnitude. However, in marginal systems, they are
sufficient to destabilise flow. Dynamic deformation also interacts with system geometry. At
clamps, bends, and reducers, flexible hose sections meet rigid components, and differential
movement occurs at these interfaces. The hose expands while the fitting does not. This
creates local distortion. Over repeated cycles, this distortion becomes permanent.

Repeated pressure cycles induce fatigue. Hose material experiences cyclic strain.
Reinforcement layers flex, and internal linings abrade and crack. The hose gradually loses
uniform stiffness. As fatigue progresses, deformation becomes uneven. Certain sections
expand more than others, and localised bulging develops. Internal roughness increases.
These changes concentrate stress and resistance at specific locations. Importantly, fatigue is
not visible externally until advanced stages. A hose may appear intact while its internal
geometry has already degraded significantly.

From an engineering perspective, hose behaviour must be understood as both static and
dynamic. Static behaviour describes nominal diameter, pressure rating, and bend radius.
Dynamic behaviour describes how the hose responds to pressure variation, pulsation, and
time dependent loading.

Ignoring dynamic effects leads to underestimation of risk. Systems may be designed
correctly based on static assumptions yet fail due to cyclic deformation and fatigue driven
instability. This explains several common observations: blockages often recur at the same
hose section; performance degrades gradually without obvious damage; and replacement of
a single hose section restores stability unexpectedly. The underlying cause is dynamic
geometric drift.

Understanding hose flexibility and dynamic response reinforces a central geometric
principle: in shotcrete pumping, geometry is not fixed—it evolves under load. Engineering
control therefore requires not only correct initial geometry, but ongoing management of how
that geometry changes with pressure, time, and fatigue. This understanding prepares the
transition into cumulative geometry effects and routing strategy, where multiple small
deformations interact to define overall system stability.
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6.8 Elevation effects

Vertical elevation introduces gravitational resistance into pumping systems.

When concrete is pumped vertically upward, the pump must overcome not only frictional
resistance and internal shear but also the weight of the material column. This gravitational
component adds directly to system resistance. Upward pumping, therefore, increases
pressure requirement.

For a given mix and hose geometry, vertical lift increases average system pressure and
reduces the margin between stable operation and failure. The longer the vertical section, the
more dominant this effect becomes. Importantly, this added resistance is continuous.

Unlike local losses at bends or reducers, elevation contributes resistance along the entire
vertical length. Pressure increases steadily with height, making the system more sensitive to
additional disturbances elsewhere. In marginal systems, vertical sections often determine
the stability limit. Small changes in rheology, temperature, or hose condition that would be
tolerated in horizontal pumping may trigger instability once elevation is introduced.

Downward pumping introduces a different set of challenges. When pumping downward,
gravity assists material movement. This can reduce average pressure, but it may also
destabilise flow.

Downward pumping may cause surging. As gravity accelerates the material, velocity may
increase beyond the stable range set by upstream geometry and pump output. This
acceleration can thin the boundary layer, increase turbulence, and cause uneven discharge
at the nozzle.

If pump output and material delivery are not carefully matched, material may outrun the
pump. This results in intermittent flow, pressure oscillation, and erratic spray behaviour.

Downward sections can also promote segregation. Heavier particles may accelerate
differently from the paste, particularly at transitions or bends. This increases the likelihood of
accumulation downstream of the vertical section.

From an engineering perspective, elevation effects must be considered explicitly in layout
planning. Vertical sections should be minimised where possible. Where unavoidable, their
impact must be compensated through larger diameters, reduced output rates, or modified
routing.

Transitions into and out of vertical sections are particularly critical. Abrupt changes in
direction combined with gravitational effects concentrate stress and destabilise flow. These
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locations often become failure initiation points.

Elevation also interacts with time and temperature. Material residence time increases in
vertical sections. Heat dissipation may be reduced. Hydration effects may therefore be
amplified, further increasing resistance.

Understanding elevation effects reinforces a broader principle of geometric control. Pumping
systems are directional. Flow behaviour depends not only on material and geometry but on
orientation relative to gravity. Ignoring elevation treats the system as uniform when it is not.
Accounting for elevation during design and layout improves stability, reduces pressure
extremes, and increases resilience under variable operating conditions.

6.9 Influence of internal abrasion

Internal abrasion is an unavoidable consequence of pumping shotcrete. Angular aggregates,
fibres, and entrained fines move at high velocity under pressure. Over time, this movement
erodes the internal lining of hoses, pipes, reducers, and fittings. This wear is progressive and
largely invisible.

Abrasive wear increases internal roughness. As the smooth internal surface degrades,
microscopic grooves, pits, and irregularities develop. These features increase surface area
and disrupt the uniform shear conditions required for stable flow. The change may be subtle
at first. However, its effect on flow behaviour is significant.

Roughness disrupts boundary layer stability. The lubricating paste layer relies on a relatively
smooth surface to remain continuous. As roughness increases, the paste layer is locally
stripped away or trapped within surface irregularities. This exposes coarse aggregate and
fibres directly to the wall. Once direct contact occurs, friction increases sharply. Local shear
intensifies. Particle interaction becomes more aggressive.

The system becomes more sensitive to small disturbances. Flow becomes increasingly
unpredictable with hose age. Pressure fluctuations increase. Pulsation becomes more
pronounced. Boundary layer formation becomes inconsistent, particularly during start up or
after brief stoppages. Blockage risk rises even when mix design, output rate, and geometry
remain unchanged.

This behaviour is often misunderstood. Operators may attribute instability to material
variation or environmental conditions, unaware that internal abrasion has shifted the system
closer to its failure threshold. This explains variability in performance between visually similar
hoses. Two hoses may appear identical externally, yet behave very differently during
pumping. One retains a relatively smooth internal surface. The other has accumulated
significant internal wear. Externally, both appear serviceable. Internally, one promotes stable
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wall slip. The other disrupts it continuously.

From an engineering perspective, internal abrasion represents a hidden degradation
mechanism. It erodes system resilience without producing obvious warning signs. By the
time failure becomes frequent, the hose has often been operating in a degraded state for an
extended period. Effective control requires proactive management. Hose life must be defined
by service conditions rather than appearance. High abrasion mixes, fibre reinforcement, and
long pumping distances accelerate wear and shorten useful life. Routine replacement based
on usage history is more reliable than inspection alone.

Understanding the influence of internal abrasion reinforces a key geometric principle.
Geometry is not static. It evolves through wear. If this evolution is not managed, pumping
systems gradually lose stability even when all other variables appear unchanged.
Recognising internal abrasion as a governing factor allows engineers to explain performance
drift accurately and restore stability through targeted intervention rather than reactive
adjustment.

6.10 Hose life and performance degradation

Hose degradation occurs gradually. From first use, internal abrasion, cyclic pressure loading,
and chemical exposure begin to alter hose behavior. These changes accumulate over time
rather than appearing suddenly. Failure is therefore the final stage of a long process.

Performance deteriorates well before failure occurs. Long before rupture, hoses lose their
ability to support stable flow. Internal roughness increases. Boundary layer formation
becomes inconsistent. Pressure fluctuations grow more pronounced.

These effects manifest operationally. Higher pressures are required to maintain the same
output. Start-up becomes more difficult. Sensitivity to stoppages increases. Blockages occur
more frequently and at lower outputs.

At this stage, the hose is still operable. It can still carry material without leaking or bursting.
However, it no longer performs as required for predictable pumping.

This distinction is critical: Operability is not performance. Continuing to use hoses until
visible failure shifts control from engineering to chance. It also increases stress on pumps,
clamps, and downstream components, accelerating degradation elsewhere in the system.

Engineering control requires proactive replacement. Replacement decisions must be based
on observed behavior rather than external appearance. Indicators include rising baseline
pressure, increased pulsation, reduced tolerance to output variation, and repeated instability
at the same hose section.
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Usage history is more reliable than visual inspection. Hoses exposed to high abrasion mixes,
fiber reinforcement, tight routing, or frequent pressure cycling will reach the end of their
effective life sooner than hoses used under milder conditions.

From an engineering perspective, hose life should be defined by performance envelope, not
structural failure. A hose that causes instability has already failed in its engineering function,
even if it has not yet ruptured.

Proactive replacement restores system resilience. It widens the stability window, reduces
reliance on operator compensation, and preserves the validity of design assumptions.

This approach also improves safety. Hoses operating near failure thresholds are more likely
to rupture under transient pressure spikes, particularly during blockages or restart attempts.
Replacing hoses before this point reduces stored energy risk.

Understanding hose life as a performance issue rather than a durability issue reinforces a
broader principle of geometric control. Stability depends on maintaining geometry within
defined limits over time. When geometry is allowed to drift unchecked, instability becomes
inevitable.

This chapter establishes that hose management is not an operational preference. It is an
engineering requirement for predictable, safe shotcrete pumping.

6.11 Geometry-induced blockage as a system failure

Blockages arising from poor geometry are not material failures. The concrete did not change
its fundamental properties. The fibres did not suddenly behave incorrectly. The pump did not
randomly lose capacity. What failed was the system.

Geometry governs how material is forced to behave. When geometry imposes excessive
velocity change, shear, or directional instability, blockage becomes a predictable outcome
rather than an anomaly. In these cases, material behaviour is a response, not a cause.

Treating geometry induced blockage as a material problem leads to incorrect conclusions.
Water is added. Mix designs are adjusted. Fibre dosage is reduced. Output is lowered.
These actions may provide temporary relief, but they do not address the underlying
constraint imposed by the system layout. The same blockage then reappears.

This repetition is diagnostic. When blockages recur at the same locations, under similar

operating conditions, the cause is almost always geometric. Reducers, tight bends, clamp
zones, worn sections, and elevation changes define where failure initiates. The material
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simply reveals the weakness.

These events therefore represent system design failures. The delivery system forced the
material beyond its stable operating envelope. Once that envelope was exceeded,
accumulation and flow arrest were inevitable.

Recognising this shifts responsibility. Responsibility moves away from operators and toward
engineering planning. Operators respond to the system they are given. Their role is
execution, not geometry selection. When operators must continually compensate to keep
material moving, the system has already failed at the design level. Blaming execution masks
the real issue.

From an engineering perspective, this shift is essential. It places emphasis on routing
strategy, diameter selection, transition design, clamp placement, and elevation management.
It demands that pumping layouts be reviewed with the same rigour as mix design. Geometry
must be justified, not assumed.

Where constraints force marginal geometry, this must be recognised explicitly and mitigated
through reduced output, increased diameter, or altered sequencing. Ignoring these
constraints transfers risk downstream.

Understanding geometry induced blockage as a system failure improves outcomes. It leads
to fewer reactive adjustments, more stable pumping, reduced downtime, and safer
operations. It also creates clearer accountability and better alignment between design intent
and field performance.

This perspective reinforces a core theme of this manual. Shotcrete pumping success is
engineered, not improvised. When geometry is correct, material behaves predictably. When
geometry is poor, no amount of operational skill can fully compensate.

6.12 Integration into system design

Effective shotcrete pumping systems are designed backward from the nozzle. The nozzle
defines the required flow regime, impact velocity, and material condition at the point of
application. Everything upstream must serve this requirement without forcing the material
into unstable behaviour.

This reverses a common but flawed approach. Systems are often assembled forward from
the pump, extending hoses and adding fittings as access demands evolve. Geometry
becomes reactive rather than intentional. Each addition appears minor, yet the cumulative
effect is significant.
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Backward design avoids this trap. Starting at the nozzle, engineers define acceptable
velocity, shear rate, and fibre behaviour. From there, hose diameter, bend radius, transition
length, and routing are selected to preserve those conditions all the way back to the pump.

Every transition must be justified. Reducers are introduced only when unavoidable and sized
to limit velocity amplification. Bends are selected with adequate radius to preserve
alignment. Clamp locations are chosen to avoid coinciding with other disturbances. Vertical
sections are minimised or compensated for explicitly.

Nothing is assumed to be neutral. Every bend, coupling, reducer, and elevation change
alters flow behaviour. In an engineered system, these effects are anticipated and managed.
In an improvised system, they are discovered through failure.

This systems approach distinguishes engineered operations from improvised ones.
Engineered operations exhibit predictable behaviour. Pumping remains stable across shifts.
Minor material variation does not trigger failure. Operators work within a controlled envelope
rather than compensating continuously.

Improvised operations rely on adaptation. Operators adjust air, water, and output to keep
material moving. Performance varies by location and time. Blockages recur at known points.
Stability depends on individual experience rather than system design.

From an engineering perspective, backward integration is a responsibility, not an option.
Design intent extends beyond mix specification. It includes the physical path through which
the material must travel and the constraints imposed along that path.

When geometry is integrated deliberately, the system supports the material. When it is not,
the material exposes the weakness.

This chapter establishes geometry as a first order design variable. Shotcrete pumping
systems succeed when geometry is controlled as rigorously as material composition and
equipment capacity.

Designing backward from the nozzle ensures that every component contributes to stability
rather than eroding it.

6.13 Concluding reflection

In shotcrete pumping, smoothness equals stability.

Smooth geometry preserves velocity continuity, maintains boundary layer integrity, and
allows particles and fibres to remain aligned with flow. When transitions are gradual and
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routing is deliberate, resistance remains predictable, and pumping operates within a stable
envelope.

Abrupt geometry equals risk.

Sudden diameter reductions, tight bends, misaligned couplings, and poorly placed clamps
impose rapid changes in velocity and direction. These changes disrupt lubrication,
concentrate particle impacts, and promote accumulation.

The resulting instability is not random.

It is a mechanical consequence of how the system forces the material to behave.

Control of transitions is therefore central to both safety and productivity.

Stable geometry reduces pressure extremes, lowers blockage frequency, and decreases the
likelihood of hose rupture or uncontrolled release. It also reduces reliance on operator
compensation and lowers fatigue on equipment.

From a productivity perspective, smooth systems pump longer without interruption.
Downtime decreases. Restart risk is reduced. Overall output becomes more reliable, even if
peak rates are lower.

This trade off is intentional.

Predictable performance outperforms forced output.

This reflection reinforces a core engineering principle: Shotcrete pumping success is
achieved by guiding material gently through the system rather than forcing it through
constraints.

Where geometry is controlled, behaviour is controlled.

Where geometry is neglected, instability dominates.

With this understanding, the discussion of geometric control is complete.

The chapters that follow can now address material testing, verification, and performance
assessment within a framework that recognises geometry as a governing variable rather
than a secondary detail.
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CHAPTER 7

NOZZLE SYSTEM ENGINEERING AND PROJECTION MECHANICS

7.1 The nozzle as the primary transformation zone
In shotcrete engineering, the nozzle represents the primary transformation zone.

Upstream of the nozzle, concrete behaves as a pumped suspension. Its behaviour is
governed by rheology, confinement, shear, and resistance within the delivery system.
Stability depends on boundary layers, velocity control, and geometric continuity.

Downstream of the nozzle, the same material functions as a compacted structural lining. It
adheres to rock, transfers load, and contributes to confinement. Its performance is measured
in stiffness, bond, toughness, and durability.

The nozzle is the boundary between these two states. This transformation occurs within
milliseconds.

At the nozzle, pressure energy is converted into kinetic energy. Compressed air accelerates
the material, fibres are reoriented, and accelerator initiates rapid chemical change. The flow
regime shifts from confined plug flow to free jet impact. No other point in the system
experiences such rapid and concentrated change.

Within this short zone, several processes occur simultaneously:

Velocity increases sharply.

Internal structure is rearranged.
Chemical reactions are initiated.
Compaction energy is delivered.

The outcome of these processes determines final material quality.
Small changes at the nozzle have disproportionate effects. A slight variation in air delivery
alters impact velocity. Minor changes in nozzle geometry affect mixing efficiency.

Inconsistent accelerator injection changes setting behaviour across the lining.

Because transformation is so rapid, there is no opportunity for correction downstream. Once
material leaves the nozzle, behaviour is largely fixed. This makes the nozzle the most
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sensitive control point in the entire shotcrete system.

Upstream instability manifests clearly at the nozzle. Pressure fluctuation appears as surging.
Boundary layer disruption appears as tearing or excessive rebound. Fibre misalignment
appears as poor build up or segregation.

Conversely, nozzle condition and operation can amplify or dampen upstream issues. A well
maintained nozzle with stable air and dosing can tolerate minor upstream variability. A
degraded nozzle magnifies instability even when pumping appears acceptable.

From an engineering perspective, understanding sprayed concrete requires understanding
this transformation zone. It is insufficient to study pumping alone or hardened properties
alone; the nozzle connects these domains. It converts transport behaviour into structural
performance.

This perspective explains why shotcrete cannot be treated as cast concrete delivered
differently. The method of placement is not incidental; it defines the material.

Recognising the nozzle as the primary transformation zone establishes the foundation for
the sections that follow.

7.2 Impact compaction mechanics

Compaction in shotcrete is achieved through kinetic energy.

Unlike cast concrete, where vibration induces particle rearrangement, shotcrete relies on the
momentum of the projected material. Energy is imparted at the nozzle and delivered at the
moment of impact with the substrate. This energy transfer governs density, bond, and
structural continuity.

Upon impact, particle momentum is converted into deformation and interlock. As the
concrete jet strikes the surface, coarse aggregate decelerates rapidly. Paste and fines flow
around the aggregate, and fibres are forced into alignment with the plane of deposition. This
rapid deceleration generates compressive stresses within the fresh material. These stresses
drive particles closer together. Entrapped air is expelled outward, excess paste migrates to
fill voids, and aggregate interlock increases as particles are forced into contact under load.
The result is densification of the matrix.

This process occurs over a very short time and distance, meaning compaction is highly
sensitive to impact conditions.

Effective compaction requires sufficient normal impact force. Normal force is the component
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of impact energy acting perpendicular to the surface. It depends on jet velocity, mass flow
rate, and nozzle orientation relative to the substrate.

If impact velocity is too low, particles lack sufficient momentum to overcome internal friction
and expel air. The material adheres but remains porous. If the nozzle angle is too shallow, a
significant portion of energy is tangential rather than normal. Material skims across the
surface, increasing rebound and reducing compaction. In both cases, density is reduced.
Poor compaction manifests as higher permeability, lower stiffness, and reduced bond
strength. These deficiencies are often not visible immediately but compromise long-term
performance.

Excessive impact energy also has consequences. Very high velocity can increase rebound,
especially for coarse particles and fibres. Energy is lost through ejection rather than
compaction. The effective energy delivered to the lining may decrease despite higher input.

Optimal compaction therefore occurs within a defined energy window. This window is
controlled by air pressure, nozzle distance, nozzle angle, and material flow rate. It cannot be
specified by mix design alone.

From an engineering perspective, compaction is an execution-dependent process. The
same material can achieve markedly different densities depending on how kinetic energy is
delivered at the nozzle. This explains why early-age strength, toughness, and durability vary
significantly between applications using identical mixes.

Understanding impact compaction mechanics clarifies the role of the nozzle and operator:
they control how energy is converted into structural quality. This section establishes that
compaction is not an assumed outcome of spraying; it is an engineered result of controlled
impact.

7.3 Directional force components

The force delivered by a shotcrete jet at impact is a vector quantity, possessing both
magnitude and direction. For engineering analysis, this force can be resolved into two
components relative to the substrate surface.

The first is the normal component. The normal component acts perpendicular to the surface.
It is responsible for driving particles into the substrate, expelling entrapped air, and
generating compaction through compressive stress. Only this component contributes
meaningfully to embedment and densification.

The second is the tangential component. The tangential component acts parallel to the
surface. It does not contribute to compaction. Instead, it promotes sliding of material across

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%SS rssmining.co.za

MINING

the surface. When tangential forces dominate, material skims rather than embeds.

This distinction has direct practical consequences. As the nozzle angle deviates from
perpendicular, the proportion of impact energy acting in the normal direction decreases. The
tangential component increases correspondingly. Even small angular deviations have a
measurable effect.

At shallow angles, a large portion of kinetic energy is dissipated through sliding, splashing,
and rebound rather than compaction. This behaviour explains several common field
observations:

High rebound rates occur when nozzle orientation is shallow.
Material build-up becomes difficult, particularly on overhead surfaces.
Surface texture becomes rough and uneven.

Density and bond strength decrease.

These outcomes are not material defects. They are consequences of force direction. This
explains the critical importance of perpendicular nozzle orientation.

Maintaining a nozzle orientation close to normal maximises the effective use of kinetic
energy. More energy is converted into compressive stress within the fresh lining. Less
energy is lost to rebound. This is particularly important during initial layer application. Early
layers establish bond and confinement. Poor embedment at this stage cannot be fully
corrected by subsequent layers.

From an engineering perspective, nozzle orientation is a primary control variable. It
determines how much of the available energy contributes to structural quality. Air pressure
and flow rate define energy magnitude. Orientation defines energy usefulness.

Training and supervision must therefore emphasise orientation control as a core competency
rather than a stylistic preference. Understanding directional force components provides a
mechanical explanation for practices that are often taught empirically. It reinforces that
correct nozzle orientation is not optional. It is fundamental to achieving effective compaction,
low rebound, and reliable shotcrete performance.

7.4 Velocity decay and stand-off distance

Once concrete exits the nozzle, it immediately begins to lose velocity. As the spray stream
travels through air, drag forces act on the material. The jet expands, particles disperse, and
kinetic energy is dissipated through interaction with the surrounding air. This process is
rapid.

Velocity decay begins the moment the material leaves the nozzle and continues until impact.
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The longer the travel distance, the greater the loss of usable energy. Stand off distance,
therefore, governs impact energy.

Impact energy is not defined by air pressure alone. It is defined by the velocity of the
material at the moment it strikes the surface. Stand off distance directly controls how much
of the initial kinetic energy survives to that point.

If stand off distance is too great, velocity decays excessively. Material arrives at the surface
with insufficient momentum to overcome internal friction and expel entrapped air.
Compaction is incomplete. The lining adheres, but remains porous and weakly bonded. This
condition is often deceptive. Material appears to stick, yet density, stiffness, and durability
are compromised. Deficiencies may only become apparent under load or with time.

If stand off distance is too short, a different problem emerges. The jet does not have
sufficient space to stabilise. Turbulence dominates near the nozzle. Particles collide with
each other rather than impacting the surface coherently. This produces excessive rebound.
Instead of transferring energy into compaction, energy is lost through chaotic particle
interaction and ejection. Fibre loss increases. Surface texture becomes irregular. The
effective energy delivered to the lining is again reduced.

Optimal compaction occurs within a defined stand off window. Within this range, the jet has
stabilised, velocity remains high, and impact energy is delivered predominantly in the normal
direction. Boundary layer formation at the surface is effective and air expulsion is maximised.
This window is not fixed. It depends on air pressure, nozzle design, material properties, and
environmental conditions such as ventilation airflow. However, for a given setup, it is narrow.

From an engineering perspective, stand off distance is a first order control parameter. It
determines whether available energy is used efficiently or wasted. Deviations on either side
of the optimal range reduce compaction quality through different mechanisms. This explains
why consistent stand off distance is critical. Variable distance produces variable density and
bond, even when mix design and equipment remain unchanged.

Understanding velocity decay clarifies why correct stand off distance must be actively
controlled rather than left to operator preference. It is not about comfort or reach. It is about
preserving kinetic energy until the moment it is needed.

7.5 Air as a projection medium

Compressed air is the medium that enables shotcrete projection.

At the nozzle, air transfers momentum to the concrete stream. This acceleration converts
pressure energy into kinetic energy, allowing the material to leave the nozzle at sufficient
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velocity to compact on impact.
Without air, sprayed concrete would not exist.

However, air is not a neutral carrier. While it accelerates particles, it also introduces
turbulence into the flow. The same mechanism that provides projection can destabilise the
spray stream if not controlled.

Air, therefore, performs two opposing functions. At appropriate volumes, air accelerates the
stream coherently. Particles move together, the jet remains focused, and impact energy is
delivered efficiently to the surface.

At excessive volumes, air dominates the flow. The jet becomes diffuse. Particles separate.
Velocity vectors diverge. Instead of a coherent stream, the spray becomes a turbulent cloud.

This turbulence reduces effective compaction. Energy is dissipated internally within the jet
rather than being delivered normal to the surface. Particles collide with each other, rebound
increases, and fine material is carried away by airflow.

In extreme cases, increasing air actually reduces impact energy at the surface. This is why
air volume must be optimised rather than maximised.

There exists an air range within which projection is efficient. Below this range, velocity is
insufficient and compaction is poor. Above it, turbulence dominates and energy efficiency
declines.

The optimal point depends on several factors. Material consistency and grading influence
how readily particles accelerate. Fibre content affects drag and jet coherence. Nozzle
geometry shapes air entrainment and mixing efficiency. Stand off distance determines how
much turbulence develops before impact.

Because these variables interact, air pressure alone is a poor control metric. Operators often
respond to poor build up by adding air. This may temporarily improve projection, but it often
worsens compaction and increases rebound.

The underlying issue is frequently not insufficient air, but poor orientation, incorrect stand off
distance, or upstream instability. This explains a common misconception in practice: More air
does not equate to better spraying. Beyond the optimal range, additional air degrades
performance.

From an engineering perspective, air should be treated as a precision control variable. Its
purpose is to deliver kinetic energy efficiently, not to force material onto the surface.
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Training and supervision must emphasise this balance. Correct air settings produce a dense,
cohesive lining with controlled rebound. Excessive air produces noise, dust, rebound, and
poor structural quality.

Understanding air as both a projection medium and a turbulence source is central to nozzle
control. It reinforces the broader principle of this chapter: Shotcrete quality arises from
controlled energy transfer, not from maximising any single input.

7.6 Chemical activation at the nozzle

Accelerators function by altering cement hydration kinetics. They do not add strength;
instead, they change the rate at which strength and stiffness develop. This distinction is
critical in understanding their role in shotcrete.

Injection at the nozzle is deliberate. Upstream introduction would compromise pumpability
and cause premature stiffening within the delivery system. By injecting at the nozzle,
chemical activation is delayed until the moment of projection.

This creates a narrow reaction window. At impact, hydration acceleration begins
immediately, and stiffness increases within seconds. This rapid change allows the material to
retain shape, adhere to the surface, and contribute to early confinement.

The effectiveness of this process depends on uniform distribution. The accelerator must be
dispersed evenly throughout the concrete stream before impact. Each portion of material
must receive a similar chemical input if behavior is to be consistent.

Uniform activation produces uniform stiffening. Layer build-up is even, compaction response
is predictable, and early age stiffness develops consistently across the lining.

Non-uniform activation produces differential setting. Some zones stiffen rapidly while
adjacent zones remain plastic. This creates internal incompatibility within the fresh lining.

These differences are not cosmetic; they generate internal stress. Rapidly stiffening zones
restrain movement in slower setting zones. As deformation occurs, tensile stresses develop
at the interface. Microcracking and debonding may initiate even before the lining gains
significant strength.

These defects are often hidden. Surface appearance may be acceptable, while internal

continuity is compromised. Long-term performance suffers as cracks propagate under load
or environmental influence.
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Non-uniform activation also destabilizes spraying. Material may tear during build-up, and
rebound increases unpredictably. Operators compensate with air or distance adjustments,
which further degrade uniformity.

From an engineering perspective, accelerator performance is inseparable from nozzle
function. Injection rate, mixing efficiency, nozzle geometry, and seal integrity all determine
whether chemical activation is controlled or chaotic.

Small defects have large consequences. Blocked injector ports, worn seals, or fluctuating
dosing cause immediate loss of uniformity. Because activation occurs at the final stage,
there is no opportunity for correction downstream.

This reinforces a key principle: chemical activation is not a background process; it is a
primary transformation occurring at the nozzle.

Effective shotcrete relies on synchronizing chemical stiffening with mechanical compaction.
When these processes align, the lining develops continuity and early confinement. When
they do not, performance becomes variable and unreliable.

Understanding chemical activation at the nozzle completes the picture of the transformation
zone. It explains why nozzle condition, dosing stability, and execution discipline are central
to sprayed concrete quality, not secondary considerations.

7.7 Fibre behaviour during projection

During projection, fibres are subjected to complex mechanical forces. As the concrete
stream accelerates through the nozzle and travels toward the substrate, fibres experience
both translational motion with the bulk material and rotational motion induced by velocity
gradients and turbulence within the jet. These forces govern how fibres are deposited within
the lining.

Correct impact orientation promotes embedment. When the nozzle is oriented close to
perpendicular and the spray stream is coherent, fibres approach the surface with their
longitudinal axes broadly aligned with the plane of deposition. On impact, fibres are driven
into the fresh matrix and become mechanically anchored. This embedment is essential.
Embedded fibres bridge microcracks, provide post crack capacity, and increase energy
absorption. Their effectiveness depends on both their presence and their orientation within
the hardened lining.

Incorrect impact orientation alters fibre behaviour. At shallow nozzle angles, fibres strike the

surface obliquely. Instead of embedding, they tend to rotate, slide, or deflect. Many fibres
rebound with the coarse aggregate rather than being retained in the matrix. This leads to
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fibre loss. Even fibres that remain may be poorly oriented. Instead of bridging potential crack
planes, they align parallel to the surface, reducing their contribution to toughness and
ductility.

Excessive air exacerbates this effect. High turbulence increases fibre rotation within the jet.
Fibres collide with each other and with aggregate, increasing the likelihood of rebound and
entanglement before impact. The result is reduced fibre efficiency. Fibre dosage in the mix
may be unchanged, yet effective fibre content in the lining is lower.

From an engineering perspective, fibre performance is determined during projection. Mix
design defines potential fibre contribution. Nozzle control determines realised contribution.
This distinction explains why measured toughness and energy absorption vary widely
between applications using identical fibre dosages.

Poor embedment cannot be corrected later. Once fibres rebound or are misoriented, their
structural contribution is lost. Increasing dosage does not compensate for poor projection. It
increases rebound and pumping resistance without restoring performance.

Understanding fibre behaviour during projection reinforces the central role of the nozzle and
operator. They control not only compaction and bond, but the structural effectiveness of fibre
reinforcement.

7.8 Layer interaction and build-up mechanics

Shotcrete linings are constructed incrementally. Material is applied in layers, each of which
must perform a temporary structural role before the lining reaches its final thickness.
Build-up is, therefore, a staged mechanical process rather than a single placement event.

Each layer provides support for the next. The freshly applied layer must resist the weight and
impact of subsequent material. Its ability to do so depends on its early stiffness, bond to the
substrate, and internal cohesion. This early stiffness develops rapidly, but it is limited. At an
early age, shotcrete may resist small loads while remaining vulnerable to sustained or
concentrated loading. The margin between support and failure is narrow during this phase.

Early stiffness of lower layers therefore governs achievable thickness above. If the
underlying layer has gained sufficient stiffness, additional material can be placed without
deformation. Build-up is stable, and thickness increases uniformly.

If stiffness is insufficient, the lower layer deforms under load. This deformation may be subtle
at first. Material may creep, sag, or shear internally. Operators may attempt to compensate
by adjusting air, distance, or application rate, but these measures do not address the
underlying limitation.
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Overloading early age material leads to sagging and microcracking.

Sagging occurs when the weight of new material exceeds the load-carrying capacity of the
underlying layer. The surface may appear intact, but internal shear deformation develops.

Microcracking initiates within the lower layer as tensile stresses develop at the interface
between stiffening and still-plastic zones. These cracks are often not visible at the surface.

Once microcracking has occurred, stiffness is reduced. Subsequent layers are then
supported by a compromised base. Deformation accumulates. Bond between layers
weakens. The lining may appear thick, but its structural continuity is degraded.

This process is self-reinforcing. As deformation increases, operators may slow application or
reduce thickness per pass. However, damage has already occurred. Later material cannot
restore lost continuity.

From an engineering perspective, build-up must be paced to match material development.
Application rate, layer thickness, and waiting time between passes must be adjusted so that
each layer reaches adequate stiffness before additional load is applied.

This requirement is often misunderstood. Increasing accelerator dosage to allow faster
build-up may improve apparent stiffness, but it can also increase brittleness and internal
stress if not controlled carefully.

Effective build-up is therefore a balance. It requires synchronizing chemical activation,
impact compaction, and layer sequencing.

Understanding layer interaction clarifies why thicker linings applied too quickly often perform
worse than thinner linings applied in stages. Thickness alone does not define capacity.
Continuity does.

This section reinforces a central principle of sprayed concrete engineering: Shotcrete linings
develop performance through controlled accumulation, not rapid deposition. Respecting
early age behaviour ensures that each layer contributes positively to the final structural
system rather than becoming a hidden weakness.

7.9 Surface texture as an indicator

Surface texture is a direct reflection of internal compaction.

In shotcrete, the surface is not finished after placement. Instead, it is the immediate outcome
of impact energy, material cohesion, and layer interaction at the moment of application. As
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such, it provides real-time feedback on how effectively energy has been transferred into the
lining.

Smooth, dense textures indicate effective energy transfer.

When impact velocity, nozzle orientation, stand-off distance, and air volume are correctly
balanced, particles embed firmly and paste flows to fill voids. Entrapped air is expelled, and
aggregate is locked into a dense matrix. The resulting surface appears tight and coherent.
Such textures correlate with higher density, better bond, and improved durability. They
indicate that the normal component of impact force has been sufficient to achieve
compaction without excessive rebound.

Rough, porous textures indicate inadequate or poorly directed energy.

When impact velocity is too low, stand-off distance is excessive, or nozzle orientation is
shallow, particles lack the momentum required for embedment. Paste does not fully mobilise,
and voids remain near the surface. This produces an open, irregular texture.

In other cases, roughness may result from poor cohesion. Inconsistent accelerator
distribution, excessive air, or unstable pumping can cause tearing or sloughing during
build-up. Material sticks intermittently rather than compacting uniformly.

These surface features are not superficial. They signal reduced density, increased
permeability, and compromised structural continuity. While subsequent layers may partially
mask surface roughness, the underlying deficiency remains.

Surface texture, therefore, functions as an immediate quality indicator. Unlike strength
testing or coring, it requires no delay or instrumentation. It provides continuous feedback
during application.

However, correct interpretation is essential. Texture must be assessed in context. Aggregate
size, fibre type, and intended finish influence appearance. The indicator is not absolute
smoothness, but consistency and coherence relative to the expected outcome.

From an engineering perspective, surface texture is a diagnostic tool. It allows operators and
supervisors to detect inadequate compaction early and adjust execution parameters before

defects are buried under additional layers.

Ignoring texture treats symptoms as cosmetic. Recognising texture as a reflection of internal
state allows proactive control.

This reinforces a key principle of sprayed concrete practice: Quality is formed at the moment
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of impact. Surface texture records that moment. When texture is dense and coherent,
energy transfer has been effective. When it is rough and porous, the system is
underperforming.

Understanding this relationship completes the discussion of nozzle-governed transformation
by linking visible outcome to internal mechanical processes.

7.10 Human judgement at the nozzle

Nozzle operation is not a repetitive mechanical task. It requires continuous interpretation of
feedback from the material, the equipment, and the environment. Conditions change from
moment to moment as geometry, surface condition, temperature, and material behaviour
interact.

The nozzle operator responds in real time. Visual cues provide the most immediate
information. Build up rate, rebound behaviour, surface texture, and edge definition indicate
whether impact energy and cohesion are adequate. Changes in sheen or tearing reveal
shifts in compaction or setting behaviour. Acoustic cues reinforce this information. The sound
of impact changes with velocity and compaction. A dull, consistent sound indicates effective
embedment. Sharper, irregular sounds often accompany rebound and poor contact. Tactile
cues are equally important. Reaction forces transmitted through the nozzle reflect jet
stability. Surging, vibration, or uneven thrust signal upstream instability or excessive air.

These cues guide adjustment. The operator modulates nozzle distance, orientation, motion,
and air input to maintain effective energy transfer. These adjustments are subtle and
continuous rather than discrete.

This human judgement element distinguishes shotcrete from automated processes. Unlike
casting, where geometry and vibration are fixed, shotcrete relies on human perception to
manage a dynamic system. The operator acts as a control loop, interpreting feedback and
correcting deviation in real time.

From an engineering perspective, this introduces variability. Two operators using identical
equipment and material may produce different outcomes based on how they perceive and
respond to feedback. However, this variability is not arbitrary. It can be constrained through
training, standardised practice, and supervision. Experienced operators develop a calibrated
sense of acceptable response. They recognise early deviation and intervene before defects
form.

Ignoring the human element leads to flawed design assumptions. Specifications that assume

uniform execution without considering operator judgement overestimate reliability.
Conversely, systems that rely excessively on operator compensation indicate underlying
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design weakness. Human judgement should be supported, not substituted. Well designed
systems provide clear, stable feedback that allows operators to make effective decisions.
Poorly designed systems overwhelm the operator with noise and instability, increasing error
likelihood.

This perspective reframes the role of the nozzle operator. They are not simply applying
material. They are executing the final and most sensitive stage of an engineered process.
Understanding human judgement at the nozzle completes the description of shotcrete as a
hybrid discipline. It is grounded in material science and mechanics, but realised through
human control.

The sections that follow will address how this judgement can be supported through training,
supervision, and quality systems rather than left to chance.

7.11 Variability and uncertainty

Variability is inherent in shotcrete operations. Even under controlled conditions, no two
applications are identical. Material properties fluctuate within allowable ranges. Equipment
response varies with wear and temperature. Substrate conditions change with geology and
excavation method.

Human response also varies. Operators interpret feedback through perception shaped by
experience, fatigue, and environment. Decisions are made continuously under changing
conditions rather than against fixed inputs.

This variability cannot be eliminated. Attempts to treat shotcrete as a deterministic process
overlook its hybrid nature. It is neither purely material driven nor purely procedural.

Understanding and managing variability is therefore central to professional practice.
Professional control does not seek uniformity at all costs. It seeks to keep behaviour within
defined limits where performance remains reliable.

This requires recognising sources of uncertainty. Material variability includes changes in
grading, moisture content, and fibre dispersion. Execution variability includes nozzle control,
stand off distance, and layer sequencing. Environmental variability includes temperature,
ventilation, and access constraints. Each contributes to outcome spread.

Effective management begins with anticipation. Systems must be designed with sufficient
margin to tolerate expected variation. Geometry, output, and air settings must not operate

near critical thresholds where small changes trigger instability.

Monitoring is essential. Trends in pressure, rebound, texture, and build up behaviour provide
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early indication that variability is increasing. Responding early preserves stability.

Procedures provide structure, not rigidity. They define acceptable ranges rather than fixed
points. Within these ranges, informed judgement operates.

From an engineering perspective, uncertainty must be acknowledged explicitly. Design
assumptions should be tested against variability rather than based on nominal values alone.
Where variability cannot be reduced, margin must be increased.

This mindset distinguishes professional practice from reactive operation. Reactive systems
respond after failure. Professional systems anticipate deviation and prevent failure from
occurring.

Understanding variability also informs quality assessment. Single measurements are
insufficient. Performance must be evaluated through consistency over time rather than
isolated results.

This section reinforces a core theme of sprayed concrete engineering. Shotcrete
performance emerges from managing uncertainty, not denying it. Recognising variability as
inherent allows engineers and operators to work with the system as it is, rather than as an
idealised abstraction.

7.12 Integration with quality control

Nozzle behaviour directly governs key quality outcomes. Rebound rate, achieved thickness,
density, and fibre distribution are all formed at the point of application. These parameters do
not arise independently of execution; they are consequences of how material is projected,
compacted, and built up at the nozzle. Consequently, quality control results reflect nozzle
behaviour as much as material properties.

High rebound is often interpreted as a mix design issue. In practice, it frequently indicates
excessive air, shallow nozzle orientation, or unstable projection. Thickness variability is
commonly attributed to access or measurement error. More often, it reflects inconsistent
stand off distance, uneven layer sequencing, or poor control of build up rate.

Fibre distribution is rarely uniform by default. It depends on projection stability, impact
orientation, and layer interaction. Poor embedment or fibre loss during rebound reduces
effective fibre content, even when dosage in the mix is correct.

Quality control data cannot be interpreted in isolation. Test results represent the combined

outcome of material, equipment, and execution. Without understanding how the lining was
applied, numerical results lack context. This is particularly important for fibre reinforced
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shotcrete, as energy absorption tests, toughness indices, and residual strength values are
sensitive to fibre orientation and retention. Variability in test results often reflects application
technique rather than material inconsistency.

From an engineering perspective, quality control must be integrated with execution
observation. Sampling locations, timing, and method must be linked to recorded nozzle
conditions. Deviations in quality results should trigger a review of spraying practice before
changes to mix design are made. This integration improves diagnosis. Instead of adjusting
multiple variables blindly, engineers can target the true source of deviation. This reduces
rework, stabilises performance, and preserves design intent.

Quality control also provides feedback to execution. When interpreted correctly, test trends
validate good practice and identify emerging issues; they support learning rather than
punishment. This requires collaboration: engineers, supervisors, and nozzle operators must
share a common understanding of how execution influences measured outcomes. Data
must be used to refine practice rather than assign blame.

This perspective reinforces a central principle of this manual: Shotcrete quality is created at
the nozzle. Testing does not create quality; it reveals the result of transformation. Integrating
nozzle behaviour with quality control closes the loop between design intent, execution, and
verification. This integration is the foundation of reliable sprayed concrete engineering.

7.13 Concluding reflection

The nozzle is not merely a delivery device; it is the point at which engineering intent is
converted into physical reality. Every design assumption made upstream is tested in this
zone within milliseconds. If energy is transferred correctly, material is compacted, fibres are
embedded, and early stiffness develops as intended. If not, deficiencies are locked into the
lining and cannot be fully corrected later.

The nozzle is therefore a point of irreversibility. Upstream problems may manifest here, and
downstream correction is limited. What occurs at the nozzle defines final quality more than
any subsequent process. This makes nozzle control decisive; engineering intent is either
realised or lost at this point.

Design thickness, fibre dosage, and strength class exist only as potential until the nozzle
translates them into structure. Poor orientation, incorrect stand off distance, excessive air, or
unstable dosing negate these inputs regardless of specification. Conversely, disciplined
nozzle control can compensate for minor upstream variability by preserving energy transfer
and cohesion.

This places responsibility clearly: Shotcrete excellence is not achieved through specification
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alone. It is achieved through mastery of nozzle behaviour. This mastery is not intuitive; it
requires understanding of impact mechanics, air behaviour, chemical activation, and layer
interaction. It requires training, supervision, and deliberate practice.

From an engineering perspective, the nozzle operator performs the final act of design. Their
actions determine whether the lining behaves as intended or becomes a source of
uncertainty. Recognising this elevates nozzle control from a trade skill to an engineering
function.

This concluding reflection completes the discussion of the nozzle as the primary
transformation zone. The chapters that follow will move from transformation mechanics into
verification, testing, and long term performance, building on the premise that quality is
formed at the nozzle and confirmed, not created, by testing.
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CHAPTER 8

ACCELERATOR SYSTEMS AND EARLY STRENGTH DEVELOPMENT

8.1 Early hydration as the governing phase
The behavior of shotcrete during its earliest moments governs its long-term function.

Once material leaves the nozzle and impacts the substrate, a rapid sequence of mechanical
and chemical events unfolds. These events define density, bond, internal stress state, and
deformation capacity. Later strength development builds on this foundation but cannot
correct deficiencies formed at the start.

From an academic standpoint, the first ten minutes following impact are more influential than
the following twenty-eight days. This assertion runs counter to conventional concrete
thinking, where performance is often evaluated primarily through 28-day compressive
strength. In shotcrete, this metric is incomplete. The critical processes occur earlier.

During the first minutes, several governing mechanisms act simultaneously:

Hydration is initiated and accelerated.

Stiffness develops rapidly.

Bond to the substrate is formed.

Internal restraint begins to develop.

Deformation compatibility with the ground is established.

These processes determine whether the lining works with the rock mass or against it.

If early hydration proceeds under favorable mechanical conditions, the lining gains stiffness
while remaining continuous and well bonded. Microcracks are minimized, and stress
redistribution occurs gradually.

If early hydration occurs under poor conditions, damage is locked in. Inadequate compaction
leaves voids. Differential accelerator distribution causes uneven stiffening. Overloading
during early age induces microcracking. Poor bond allows separation at the interface. None
of these defects are reversed by later strength gain.

A lining that reaches high compressive strength at 28 days may still perform poorly if its
early-age behavior was compromised. Conversely, a lining with modest ultimate strength
may perform well if early hydration occurred under controlled conditions. This reality is
repeatedly confirmed in underground practice.
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Early failures, delamination, and excessive deformation often occur within hours of
application, long before strength testing would indicate a problem. Where early behavior is
well managed, linings often perform satisfactorily even when later test results are
unremarkable.

From an engineering perspective, early hydration is the governing phase. It defines the
mechanical relationship between shotcrete and ground. It determines whether the lining acts
as a confining membrane or a brittle shell. It sets the initial stress state from which all later
behavior evolves.

This understanding reframes design priorities. Rather than focusing exclusively on ultimate
strength, engineers must prioritize early stiffness development, bond formation, and
deformation compatibility. Accelerator strategy, nozzle control, layer sequencing, and access
management during the first minutes are therefore critical design variables.

Recognizing early hydration as dominant explains many apparent contradictions in shotcrete
performance. It explains why identical mixes behave differently in the field. It explains why
thicker linings applied later often underperform thinner linings applied earlier. It explains why
timing and execution outweigh strength class in many underground environments.

8.2 Hydration kinetics and structural emergence

Cement hydration proceeds through distinct stages. Immediately after water addition,
dissolution begins as cement compounds release ions into solution. This is followed by an
induction period during which the reaction rate slows while the system reorganises at a
microscopic level. After this, rapid hydration begins, marked by the formation of solid
hydration products.

In conventional concrete, these stages unfold over hours. In shotcrete, this sequence is
deliberately altered.

Accelerators modify hydration kinetics in three critical ways: they shorten or eliminate the
induction period; they promote the rapid formation of hydration products; and they increase
early stiffness far earlier than would occur naturally.

This modification is not cosmetic; it fundamentally changes how and when the material
becomes structurally active. By shortening the induction period, accelerators cause
hydration to transition quickly from chemical initiation to structural formation. Calcium silicate
hydrate and other early products form within minutes rather than hours.

These products do not immediately confer high strength; however, they create a continuous
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skeleton within the paste. This skeleton provides stiffness.

Early stiffness is the key property at this stage. It allows sprayed concrete to resist
deformation, retain shape, and contribute to confinement even while the hydration process
remains chemically immature.

This explains a central feature of shotcrete behaviour: sprayed concrete can develop
load-bearing capacity long before it develops conventional compressive strength. At this
stage, the material may have compressive strength well below typical design values, yet it
already influences ground behaviour by limiting movement and dilation.

This early structural emergence is essential underground. The ground begins to deform
immediately after excavation. The lining must participate in this response early or it loses
effectiveness. Accelerated hydration enables this participation.

However, this rapid transition introduces sensitivity. Because structural emergence occurs
quickly, incompatibilities in compaction, dosing, or layer interaction are locked in early.
Differential stiffening generates internal stress. Poor bond becomes critical immediately.

From an engineering perspective, accelerators should be viewed as timing tools. They shift
the onset of stiffness to align with ground response. They do not replace the need for correct
mechanical conditions during placement.

This distinction is frequently misunderstood. Increasing accelerator dosage to achieve faster
set does not improve performance if compaction, orientation, or layer sequencing are poor. It
may worsen performance by increasing brittleness and internal stress.

Understanding hydration kinetics clarifies why early age behaviour dominates shotcrete
performance. It also explains why laboratory-cured samples often fail to represent field
behaviour accurately. Laboratory conditions rarely replicate the accelerated, constrained,
and mechanically active environment of sprayed concrete in situ.

This section establishes that hydration kinetics and structural emergence are inseparable.
Chemical reactions create structure. Structure defines mechanical function.

8.3 The paradox of acceleration

Acceleration introduces a fundamental paradox into shotcrete engineering.
By design, accelerators improve early performance. They shorten setting time, increase

early stiffness, and allow sprayed concrete to participate in ground support almost
immediately after application. These effects are often essential underground.
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However, the same mechanisms that improve early behaviour can compromise long-term
material development. This is the paradox.

Acceleration alters the natural progression of hydration. Rapid precipitation of hydration
products limits the time available for orderly crystal growth. Instead of forming a dense,
well-interlocked microstructure, hydration products may develop in a more fragmented or
poorly connected arrangement.

This does not necessarily affect early stiffness. Early stiffness depends primarily on the
presence of a continuous solid skeleton, not on its ultimate quality. Even a relatively
disordered structure can provide resistance to deformation in the short term.

Long-term strength and durability are different. They depend on the refinement, continuity,
and density of the hydration products over time. Excessive acceleration can disrupt this
process.

Excessive acceleration reduces ultimate strength. Laboratory and field observations
consistently show that high accelerator dosages may lead to lower 28-day strength, reduced
elastic modulus, and increased permeability. Microcracking induced by differential setting
further degrades performance.

These effects are cumulative. Rapid stiffening increases restraint at an early age. As
hydration continues, internal stresses develop due to incompatible deformation between
rapidly set and slower-reacting zones. Microcracks form within the paste and at aggregate
interfaces.

These cracks persist. Later hydration may partially fill them, but continuity is not fully
restored. The final microstructure carries the imprint of early disturbance.

From an engineering perspective, acceleration is therefore a trade-off. It exchanges
long-term microstructural optimisation for early functional performance.

This trade-off is often justified. In underground construction, early stability and confinement
are frequently more critical than marginal gains in ultimate strength. A lining that performs
well in the first hours may prevent deformation that no amount of later strength could correct.
However, the trade-off must be deliberate. Blind pursuit of rapid set leads to diminishing
returns. Beyond a certain point, additional acceleration provides little improvement in early

behaviour while significantly degrading long-term properties.

Engineering judgement lies in balance. The objective is not the fastest possible set, but the
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earliest sufficient stiffness consistent with acceptable long-term durability.

This balance depends on context. Highly deformable ground may justify higher acceleration.
Stable ground may not. Thick linings applied rapidly impose different demands than thin
early support layers. Fibre reinforcement alters tolerance to microcracking. There is no
universal optimum.

From a professional standpoint, accelerators must be treated as precision tools rather than
default solutions. Dosage, type, and injection stability must be matched to ground behaviour,
geometry, and execution capability.

Understanding the paradox of acceleration prevents simplistic decision-making. It reinforces
a central theme of early age shotcrete behaviour. Early performance and long-term durability
are linked, but not aligned automatically.

Engineering excellence lies in achieving sufficient early control without sacrificing the
integrity of the material over its service life.

This understanding prepares the ground for the next sections, which examine early age
restraint, deformation compatibility, and the interaction between hydration and ground
movement.

8.4 Spatial variability and its consequences

Accelerator is introduced at the nozzle. This means chemical activation occurs at the final
stage of placement, within a highly dynamic environment. Distribution is, therefore, governed
not only by dosage but by mixing efficiency at the nozzle and the stability of the projected
stream.

Uniform distribution is not automatic. It depends on injector performance, air and material
alignment, nozzle geometry, and turbulence within the jet. Small disturbances at this stage
translate directly into spatial variability within the lining.

Non-uniform distribution creates zones of differing stiffness. Some regions stiffen rapidly as
hydration is strongly accelerated. Adjacent regions stiffen more slowly where accelerator
concentration is lower. These differences emerge within minutes.

The lining is no longer mechanically uniform. At very early age, shotcrete behaves as a
developing solid. It has limited ability to redistribute stress. When stiffness varies spatially,

deformation cannot be shared evenly.

This creates internal stress gradients. As the lining deforms under its own weight, under
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impact from subsequent layers, or in response to ground movement, stiffer zones restrain
softer zones. Tensile stresses develop at the interface between them.

These stresses are not benign. They concentrate at planes of weakness where paste
continuity is still forming. Microcracks initiate within minutes of placement, often before the
lining has gained measurable strength.

Such cracking is typically invisible. Surface appearance may remain acceptable while
internal continuity is already compromised. Subsequent layers may mask the problem, but
they do not eliminate it.

Spatial variability also promotes delamination. Where stiffened zones detach locally from the
substrate or from adjacent material, bond is lost. Once separation initiates, later hydration
cannot fully re-establish continuity across the interface.

This explains a common field observation. Delamination and early cracking often occur even
when average accelerator dosage and strength results appear acceptable. The issue lies not
in mean values, but in spatial inconsistency.

From an engineering perspective, spatial variability is more damaging than uniformly
suboptimal behaviour. A lining that is uniformly modest in stiffness can deform compatibly. A
lining with sharp stiffness contrasts cannot.

Control therefore requires more than correct dosing. It requires stable injection, effective
mixing at the nozzle, coherent projection, and disciplined execution. Variability in any of
these elements is translated directly into mechanical incompatibility within the lining.

Understanding the consequences of spatial variability reinforces a central principle of early
age shotcrete behaviour. Uniformity matters more than magnitude. Sufficient and consistent
stiffness produces better performance than high but uneven stiffness.

This insight links chemical control at the nozzle to mechanical performance in the lining and
explains why execution quality is inseparable from hydration behaviour.

The next section will examine how this developing stiffness interacts with restraint and
ground movement during the critical early period.

8.5 Interaction with fibre reinforcement

Fibre reinforcement depends on the behaviour of the surrounding paste.

In the early stages, fibres do not bond chemically; their contribution arises from mechanical
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anchorage. This anchorage develops as paste flows around the fibre, compacts under
impact, and then stiffens to lock the fibre in place.

Timing is critical. Accelerator dosage directly affects this sequence.

If paste stiffens too quickly, fibres lose the opportunity to embed fully. In over accelerated
systems, hydration products form rapidly and viscosity rises almost immediately after impact.
Paste mobility is reduced before fibres have rotated, aligned, and seated within the matrix.
Consequently, fibres may remain partially exposed or poorly surrounded by paste, which
reduces anchorage.

Such fibres may still be present in the lining, but their pull-out resistance is lower. They
contribute less to post-crack capacity and energy absorption than their dosage would
suggest.

In contrast, under-accelerated paste remains plastic for longer. While this may seem
beneficial, it allows fibres to move more freely during projection, increasing fibre rebound.
Fibres are more likely to deflect, rotate excessively, or be ejected during impact. This
reduces effective fibre content. Even fibres that remain may settle unevenly or align
unfavourably, reducing their ability to bridge cracks.

Thus, accelerator dosage influences fibre effectiveness indirectly. It does not change fibre
properties, but it governs the window during which fibres can be embedded and locked into
place.

The optimal condition lies between these extremes. Paste must remain workable long
enough to allow fibre embedment, yet stiffen soon enough to retain fibres under subsequent
impact and loading.

This balance is narrow. It depends on nozzle behaviour, impact energy, layer thickness, and
environmental conditions. A dosage that works well for thin early layers may be excessive
for thicker build-up. Similarly, a dosage suitable in cool conditions may be excessive in warm
headings.

From an engineering perspective, fibre performance cannot be evaluated independently of
accelerator strategy. Low toughness results are often attributed to fibre type or dosage. In
practice, they frequently reflect poor synchronisation between paste stiffening and fibre
embedment.

Increasing fibre dosage does not correct this mismatch; it increases pumping resistance and
rebound without restoring anchorage.
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Effective control requires coordination. Accelerator dosage, air volume, stand-off distance,
and layer sequencing must be aligned so that fibres are embedded before paste stiffens,
and retained once stiffening begins.

Understanding this interaction reinforces a key principle of early-age shotcrete behaviour:
Fibre reinforcement is only as effective as the paste that anchors it. Chemical timing governs
mechanical performance.

8.6 Temperature dependency

Hydration reactions are temperature dependent. The rate of cement hydration follows
Arrhenius behaviour, meaning reaction speed increases exponentially with temperature. This
relationship is non-linear; a small change in temperature produces a disproportionately large
change in reaction rate.

This has direct consequences for shotcrete. An increase of only a few degrees accelerates
hydration significantly. Stiffness develops faster, setting occurs sooner, and the workable
window narrows. Conversely, lower temperatures slow reaction rates, meaning paste
remains plastic for longer and early stiffness develops more slowly.

These effects are magnified in accelerated systems. Accelerators shift hydration into a rapid
regime, and temperature then acts as a multiplier. At higher temperatures, the same dosage
produces far more aggressive acceleration. At lower temperatures, the same dosage may be
insufficient to achieve early stiffness.

This explains the variability observed between summer and winter operations. In warm
headings, shotcrete may stiffen prematurely, making build-up difficult, causing fibre
embedment to suffer, and increasing internal stress due to rapid restraint development. In
cool conditions, the same mix may appear sluggish, leading to sagging and delayed early
confinement. Operators may compensate by increasing air or output, introducing other risks.

These differences are often misattributed. Problems are blamed on material inconsistency or
operator technique when the governing variable is temperature.

Ambient temperature is only part of the picture. Substrate temperature, ventilation airflow,
water temperature, and heat generated by hydration all influence the local thermal
environment. Underground, these factors vary spatially and temporally. As a result,
temperature effects are rarely uniform across a heading.

From an engineering perspective, temperature-adjusted dosing is essential. Accelerator

dosage must be adapted to prevailing conditions rather than fixed at a nominal value. What
constitutes sufficient acceleration in winter may be excessive in summer.
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This adjustment must be proactive. Waiting for visible symptoms such as tearing, sagging, or
excessive rebound means the system is already operating outside its optimal window.
Effective control requires anticipating temperature effects and adjusting dosage, layer
thickness, and sequencing accordingly.

Temperature also interacts with time. Higher temperatures shorten the safe interval between
layers and reduce tolerance to stoppages. Lower temperatures extend workable time but
delay structural emergence.

These interactions reinforce a central principle of early age shotcrete behaviour: Hydration
kinetics are not fixed. They respond strongly to temperature, and that response is amplified
by acceleration. Ignoring temperature variability leads to inconsistent performance even
when all other parameters remain unchanged. Recognising temperature dependency allows
engineers to explain seasonal behaviour, stabilise execution, and preserve the balance
between early performance and long-term integrity.

8.7 Age-dependent behaviour under load

Early age shotcrete does not behave as an elastic solid. In the minutes and hours following
impact, the material exhibits viscoelastic behaviour. It can carry load, yet it continues to
deform under sustained stress while stiffness increases with time.

This behaviour is fundamental. At early age, the paste skeleton is forming but remains
partially mobile. Under load, deformation occurs through creep and internal rearrangement
rather than through immediate cracking.

This capacity for deformation is beneficial. It allows the lining to accommodate ground
movement and layer build up without generating high internal stress. Compatibility between
shotcrete and rock mass is established during this phase.

As hydration progresses, behaviour changes. Stiffness increases. Creep capacity reduces.
The material transitions gradually toward elastic and then brittle response.

Accelerator dosage determines the rate of this transition. Higher dosages accelerate the
increase in stiffness. The viscoelastic window shortens. The material becomes load bearing
sooner, but loses deformation capacity earlier. Lower dosages extend the viscoelastic phase.
Deformation continues for longer before stiffness dominates.

Both extremes carry risk. If acceleration is insufficient, early age deformation becomes

excessive. The lining may creep under its own weight or under the impact of subsequent
layers. Sagging occurs. Thickness control is lost. Early confinement is delayed. In this case,
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deformation exceeds acceptable limits before stiffness develops.

If acceleration is excessive, the transition is too rapid. The material stiffens before it has
accommodated imposed deformation. Creep capacity is lost early. Strain is converted
directly into stress. This leads to brittle response. Microcracking develops under relatively
small movements. Internal stress accumulates at interfaces between layers or zones of
differing stiffness. The lining resists deformation but at the cost of continuity. This behaviour
often manifests as early cracking or delamination.

From an engineering perspective, correct dosing aligns stiffness development with loading
history. The lining should remain sufficiently deformable while loads are increasing, then
stiffen once deformation demand reduces.

This alignment is context dependent. Rapid ground movement demands longer viscoelastic
capacity. Stable ground allows faster stiffening. Thick build up imposes different demands
than thin membranes. There is no universal dosage. Engineering judgement lies in matching
age dependent behaviour to expected load evolution.

Understanding early age viscoelasticity explains several field observations. Linings that
crack early despite high early strength often stiffened too quickly. Linings that sag or deform
excessively despite adequate ultimate strength often remained too plastic for too long.
These outcomes are not contradictory. They reflect misalignment between hydration kinetics
and loading.

This section reinforces a central principle of early age shotcrete behaviour. Performance is
governed by how stiffness evolves relative to load, not by stiffness alone. Accelerators
control timing. Correct timing produces compatibility. Incorrect timing produces damage.

8.8 Long-term implications of early decisions

Decisions made during spraying determine long term performance.

Shotcrete does not reset after placement. The mechanical and chemical state established
during the first minutes following impact becomes the starting condition for the entire service
life of the lining. Later hydration develops within this framework; it does not replace it.

Early cracking becomes a durability pathway. Microcracks formed during the early age due
to poor compaction, differential stiffening, or premature restraint rarely close completely.
Even if not visible, they persist as planes of weakness within the matrix. Over time, these
cracks act as preferential pathways. Water ingress increases. Chemical attack is facilitated.
Freeze-thaw action, where relevant, concentrates along these planes. Steel fibres or mesh
intersecting cracks become exposed to aggressive environments.
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Durability loss is therefore not random; it follows the pattern established during early age
damage.

Poor fibre bond reduces energy absorption. If fibres are not properly embedded due to
incorrect timing of stiffening, poor orientation, or excessive rebound, their long-term
contribution is permanently reduced. This loss cannot be recovered. Later strength gain
does not improve fibre anchorage. Increasing thickness does not restore energy absorption.
The lining may appear sound, yet its ability to absorb deformation energy is compromised.

This has direct structural implications. Under dynamic loading or progressive deformation,
such linings exhibit brittle behaviour. Crack propagation accelerates. Support capacity is lost
more rapidly than expected.

These effects originate within minutes of application. They are not the result of long-term
degradation alone; they are the delayed consequence of early decisions.

From an engineering perspective, this challenges conventional inspection logic. A lining that
looks acceptable days or weeks after application may already contain the seeds of future
failure. Conversely, a lining that was well controlled early often performs reliably even when
later test results appear unremarkable.

This reinforces a critical responsibility. Quality cannot be inspected into shotcrete after the
fact. It must be created during spraying. Design decisions, nozzle control, accelerator
dosing, layer sequencing, and access management during the first minutes define the upper
bound of achievable performance. Later processes operate within that bound.

Understanding these long-term implications reframes early age control as a durability
measure, not merely a construction concern. It explains why professional shotcrete practice
places such emphasis on early behaviour, even when contractual specifications focus on
later age metrics.

The material remembers its first moments. What is done early is carried forward for the life of
the structure.

8.9 Engineering implications for design
Design assumptions in shotcrete engineering are not independent of execution.
Specified thickness, residual strength, and energy absorption capacity all assume that the

lining behaves as intended from the moment it is applied. These assumptions are valid only
if early age behaviour is controlled.
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Thickness is not a purely geometric parameter. Its structural meaning depends on continuity,
bond, and internal integrity. A nominally thick lining that cracked, sagged, or delaminated
during early age does not provide the assumed confinement or load redistribution.

Energy absorption capacity is even more sensitive. Residual strength values and toughness
indices assume effective fibre embedment, correct orientation, and intact paste continuity.
These conditions are established during the first minutes following impact.

If early age behaviour is compromised, the design model no longer applies. Failure to control
acceleration undermines these assumptions. Over acceleration may produce rapid stiffness
but induces internal stress, microcracking, and reduced fibre effectiveness. Under
acceleration delays confinement and allows excessive deformation before stiffness
develops. In both cases, the lining departs from the behaviour assumed in design.

The consequences are subtle but significant. Design calculations may indicate adequate
capacity, yet field performance falls short. Engineers may respond by increasing thickness or
fibre dosage, unaware that the root cause lies in early age incompatibility rather than
insufficient material. This response increases cost without restoring reliability.

From an engineering perspective, early age behaviour must be treated as an implicit design
variable. Although not always expressed numerically, it underpins all performance based
assumptions. Where early age control cannot be assured, design margins must be
increased or alternative support strategies adopted.

This has practical implications. Specifications should recognise early stiffness development
and deformation compatibility as critical requirements, not secondary considerations.
Execution systems must be capable of delivering the assumed behaviour consistently.

Designers must also be cautious when transferring laboratory derived parameters directly
into field models. Laboratory tests rarely reproduce the accelerated, restrained, and
mechanically active early age environment of underground shotcrete. Without adjustment,
this mismatch leads to overconfidence in predicted performance.

Understanding these implications aligns responsibility correctly. Design does not end at
material selection. It extends to the conditions under which the material is allowed to become
structural. If those conditions are not controlled, the design is not realised.

This section reinforces a central message of this chapter. Early age behaviour is not a
construction detail. It is a structural prerequisite.
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8.10 Field observation and judgement

Experienced practitioners evaluate accelerator performance continuously during spraying.
They do not rely solely on stated dosage rates or laboratory data. Instead, they interpret how
the material responds in real time at the nozzle and on the surface.

This evaluation is sensory. Surface sheen is a primary indicator. A healthy sheen indicates
that paste remains mobile long enough to compact and embed fibres, yet stiffens quickly
enough to retain shape. A dull, dry appearance suggests over acceleration or insufficient
paste mobility. A glossy, flowing surface suggests under acceleration and delayed stiffening.

Rebound behaviour provides further information. Sudden increases in rebound often indicate
that paste is stiffening too quickly for effective embedment, causing particles and fibres to
deflect. Excessively low rebound accompanied by slumping may indicate insufficient
acceleration.

Sound reinforces these observations. The acoustic response of the spray changes with
stiffness and compaction. A consistent, muted impact sound indicates effective energy
transfer. Sharper, irregular sounds often accompany rebound, tearing, or poor cohesion.

Tactile feedback also matters. Resistance felt at the nozzle changes as paste behaviour
evolves. Increased reaction force or unstable thrust may signal rapid stiffening or uneven
activation.

These observations are not subjective guesses. They are empirical interpretations
developed through repeated exposure to cause and effect. Practitioners learn to associate
specific sensory cues with subsequent performance, including early cracking, sagging, or
delamination.

This knowledge is tacit. It is rarely formalised in specifications or textbooks. It is transmitted
through experience, mentorship, and repetition rather than through equations. Yet it is highly
valuable.

From an engineering perspective, this tacit knowledge fills a critical gap. Formal literature
describes hydration kinetics, accelerator chemistry, and mechanical models. Field
observation integrates these concepts under real conditions where variables interact and
change rapidly.

Ignoring this judgement leads to blind control. Systems are adjusted based solely on nominal

values while material behaviour deteriorates visibly. By the time test results reveal a
problem, corrective opportunity has passed.

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%SS rssmining.co.za

MINING

In professional practice, field judgement complements formal control. Observations are used
to confirm whether accelerator strategy aligns with actual behaviour. When cues indicate
deviation, adjustments are made before damage occurs.

This does not replace engineering design. It completes it.

Recognising field observation as legitimate reinforces a broader principle of this manual.
Shotcrete engineering operates at the intersection of theory and practice. Early age
behaviour unfolds too quickly and too locally to be managed by specification alone. Human
perception provides the necessary resolution.

Valuing this judgement allows early intervention, preserves lining integrity, and aligns
execution with design intent.

This understanding prepares the way for the concluding reflection of this chapter, where
early age control is framed as a shared responsibility between design, execution, and
observation.

8.11 Integration of chemistry and execution

Accelerator chemistry is inseparable from execution.

Chemical reactions do not occur in isolation. In shotcrete, hydration kinetics unfold under
impact, confinement, deformation, and human control. The same chemical system behaves

differently depending on how it is introduced, mixed, and acted upon during spraying.

Shotcrete engineering, therefore, exists at the interface between chemical kinetics and
human control.

Accelerators define what is possible.

Execution determines what actually happens.

Chemistry sets the potential rate of stiffness development. Execution determines whether
that potential is realised uniformly, prematurely, or inadequately. Neither domain can fully
compensate for failure in the other.

This integration is most evident at the nozzle.

Injection timing, mixing efficiency, air alignment, stand-off distance, and layer sequencing all

influence how accelerator chemistry expresses itself. A well-formulated accelerator can
produce poor results if execution is unstable. A modest accelerator can perform well if
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execution is disciplined.
This interdependence has practical consequences.

Chemical adjustment without execution control produces inconsistent outcomes. Execution
adjustment without understanding chemistry leads to misinterpretation and over-correction.

Effective control requires coordination.

Designers must specify accelerator systems with execution capability in mind. Operators
must understand the chemical consequences of their adjustments. Supervisors must
interpret behaviour rather than rely on nominal values alone.

This shared understanding reduces conflict.

Problems are no longer framed as material failure or operator error. They are recognised as
a misalignment between chemistry and execution.

From an engineering perspective, this reframes responsibility.

Accelerator dosage is not a fixed input. It is a variable that must be tuned to execution
conditions, geometry, temperature, and expected deformation.

Execution is not merely compliance. It is the final regulator of chemical behaviour.
This integration explains why shotcrete resists full automation.

The system evolves too rapidly and too locally for chemistry alone to dictate the outcome.
Human control remains essential, not as a weakness, but as a necessary adaptive element.

Recognising this interface elevates professional practice.

It encourages dialogue between designers, suppliers, and applicators. It aligns chemical
intent with mechanical reality. It reduces reliance on excessive acceleration as a substitute
for control.

This section reinforces a central conclusion of this chapter.

Early age shotcrete behaviour emerges from the interaction of chemistry and execution.

Neither can be optimised in isolation.
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Only when chemical kinetics and human control are integrated does sprayed concrete
achieve predictable, durable performance.

8.12 Concluding reflection

Acceleration marks the moment where concrete ceases to behave as a fluid and begins to
behave as a structure. This transition does not occur at 28 days, nor at final set. It occurs
within minutes of impact, often while the material is still chemically immature and
mechanically fragile. Yet from that moment onward, the lining participates in load transfer,
restraint, and deformation control. Understanding this moment is central to sprayed concrete
engineering.

Acceleration governs when stiffness emerges, how deformation is accommodated, and
whether continuity is preserved or compromised. It defines the boundary between
compatible adaptation and brittle restraint. This boundary is narrow. If stiffness develops too
late, deformation proceeds unchecked and confinement is lost. If stiffness develops too
early, deformation is resisted before compatibility is achieved and damage is locked in.
Neither outcome is desirable.

The engineer’s task is not to maximise acceleration. It is to time it. This timing must align
with ground behaviour, layer sequencing, fibre embedment, and execution capability. It must
account for temperature, geometry, and variability. It must be adjusted deliberately rather
than fixed by habit. Acceleration therefore represents a point of responsibility.

Once chemical activation is initiated, the opportunity for correction closes rapidly. Decisions
made at this stage define the mechanical character of the lining for its entire service life. This
explains why early age behaviour dominates performance. Later hydration refines what
already exists. It does not replace it.

A lining that emerges structurally under favourable conditions will continue to perform even if
later properties are unremarkable. A lining that emerges under incompatible conditions will
carry that deficiency forward regardless of later strength gain. From a professional
standpoint, mastery of shotcrete engineering requires mastery of this transition. It requires
understanding not only chemistry, but timing, restraint, deformation, and human control. It
requires recognising acceleration as a design variable rather than a convenience.

This concluding reflection closes the discussion of early age behaviour as the governing
phase. It reinforces the central message of this chapter. In sprayed concrete, what matters
most happens first. Understanding when concrete becomes structural, and controlling how
that moment unfolds, defines the difference between nominal compliance and true
engineering performance.
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CHAPTER 9

START-UP SEQUENCING AND OPERATIONAL LOGIC IN SHOTCRETE APPLICATION

9.1 Start-up as a transient hydraulic phenomenon

From an engineering perspective, start up represents a transient flow condition.

At the moment pumping begins, the system is not in equilibrium. Pressure, velocity, and
internal structure are changing simultaneously. The behavior observed during this phase
cannot be inferred from steady state operation. During start up, the system lacks steady
state characteristics.

Boundary layers have not yet formed along hose walls. The lubricating paste layer that
enables stable plug flow is absent or incomplete. As a result, coarse aggregate and fibers
come into direct contact with the hose surface. Particle alignment is random. Fibers are not
yet oriented with flow. Aggregate distribution is uneven. Local concentrations and voids exist
within the material column. These conditions increase friction and promote interlock at
geometric disturbances. Rheological resistance is therefore unstable. Resistance changes
rapidly as material begins to move, stalls, and then accelerates. Pressure fluctuates. Local
shear spikes occur at bends, reducers, clamps, and worn sections.

This instability is inherent. It is not caused by poor material quality or operator error. It is a
natural consequence of initiating flow in a confined, heterogeneous system. This transient
state explains the disproportionate number of failures observed during start up.

Blockages often initiate before stable flow is established. Hose ruptures and coupling failures
occur when pressure rises rapidly in response to local resistance. Surging at the nozzle
reflects upstream instability rather than incorrect air settings.

Once steady state is reached, risk decreases. Boundary layers form. Particles align.
Resistance stabilises. Pressure becomes predictable. The same system that was unstable
moments earlier may then operate reliably for extended periods.

This contrast is often misunderstood. Operators may conclude that the system is marginal or
the mix is unsuitable, when in fact the problem lies in how start up was managed.

From an engineering perspective, start up must be treated as a critical operating phase. It

requires different control logic than steady state pumping. Gradual pressurisation, controlled
initial output, and deliberate formation of the boundary layer are essential.
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Ignoring the transient nature of start up transfers risk directly to the system. Engineering
design must therefore account for start up conditions explicitly. Geometry that is tolerable
under steady flow may be critical during start up. Marginal hose sections that perform
adequately later may fail during this phase.

Understanding start up as a transient hydraulic phenomenon reframes responsibility.
Failures at start up are not anomalies. They are predictable outcomes when transient
behaviour is not managed.

This section establishes the foundation for the chapters that follow, which will examine start
up procedures, lubrication strategies, and controlled transition to steady state as essential
elements of safe and reliable shotcrete pumping.

9.2 Boundary layer formation and its significance

Concrete pumping relies on the formation of a lubricating boundary layer along the hose
wall. This layer consists mainly of cement paste, fine particles, water, and entrained air. It
separates the bulk concrete from direct contact with the hose surface and allows plug flow to
develop.

The layer is thin, typically only a few millimetres thick. Despite its minimal thickness, it
governs friction behaviour throughout the entire system.

When the boundary layer is intact, wall friction is low and predictable. The bulk material
moves as a coherent mass, with shear concentrated within the paste layer rather than
through aggregate interlock at the wall. Pressure rises smoothly with distance and geometry.

Without this layer, behaviour changes abruptly. Coarse aggregate and fibres contact the
hose wall directly. Interlock replaces slip, and wall shear stress increases sharply. Friction
coefficients increase by roughly an order of magnitude.

This increase is decisive. A system designed to operate comfortably with a boundary layer
may become incapable of sustaining flow without it. Pressure rises rapidly, and localised
resistance develops at clamps, bends, reducers, and worn sections. Blockage risk escalates
immediately.

Boundary layer formation is not instantaneous. It develops progressively as paste migrates
to the wall under shear. This process requires controlled movement, sufficient paste

availability, and time.

At start up, none of these conditions are guaranteed. The material may be static, paste may
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be unevenly distributed, fibres may bridge locally, and the wall is initially dry or only partially
wetted.

This is why start up procedures exist. Their primary purpose is to establish the boundary
layer before full output is demanded. Lubrication slurry, reduced initial output, and gradual
pressurisation all serve the same goal: they allow paste to coat the wall, fill surface
irregularities, and create a continuous slip plane.

Once established, the system stabilises. Pressure drops to expected levels, flow becomes
smoother, sensitivity to geometry decreases, and the risk of blockage falls sharply.

From an engineering perspective, the boundary layer is the enabling mechanism of
pumping, not merely a by-product. Systems that fail during start up often do so because this
layer was never properly formed. The subsequent failure is then attributed incorrectly to mix
design or equipment capacity.

Understanding the significance of the boundary layer reframes start up control. The objective
is not to reach production output quickly. The objective is to create a stable friction
environment. Only once this is achieved should output be increased.

This principle explains why systems that perform reliably for hours can fail repeatedly at start
up. The difference lies not in steady state capacity, but in boundary layer establishment.
Recognising this allows engineers and operators to treat start up as a controlled conditioning
phase rather than a hurdle to be rushed through.

9.3 Shear-induced segregation mechanisms

When a dry or insufficiently lubricated hose is charged with concrete, shear conditions are
extreme. At the hose wall, resistance is highest. The material adjacent to the wall
experiences very high shear stress while the core of the flow remains comparatively
unstressed. This creates an unstable internal stress gradient.

Under these conditions, segregation occurs. Fine paste and water migrate outward toward
the zone of highest shear. Coarse aggregate and fibres are displaced inward toward the
centre of the hose where resistance is lower. This is not beneficial segregation. It is not the
controlled formation of a lubricating boundary layer. It is an uncontrolled separation driven by
excessive wall friction.

The result is a centralised coarse-rich core. Near the inlet, this core behaves as a rigid or
semi-rigid plug. Aggregate particles interlock. Fibres bridge. Paste is stripped away toward
the wall where it is insufficient to form a continuous slip layer. Once this plug begins to form,
resistance increases sharply. Pressure rises locally. Flow slows or stalls. Increased pressure
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further compresses the plug, increasing interlock and friction.

This creates a self-reinforcing mechanism. The plug does not remain localised. Once
established, it propagates downstream as pumping continues. Each pressure pulse pushes
the coarse core forward, carrying the instability into bends, reducers, and clamp zones
where it grows rapidly. By the time pressure rise is detected at the pump, the mechanism is
already well developed. This explains why start-up blockages often appear sudden. The
critical segregation occurred earlier, near the inlet, under conditions that were not externally
visible. The eventual failure point may be several metres downstream, but the cause lies at
initial charging.

From an engineering perspective, this mechanism is predictable. It occurs when concrete is
forced to move against a dry or highly resistant wall before a boundary layer has formed. It is
aggravated by high initial output, abrupt pressurisation, and tight geometry near the pump.
This behaviour also explains why restarting after stoppages is hazardous. Paste that
previously formed a boundary layer may have stiffened or drained away. Restarting under
load recreates the same high shear conditions that existed during initial charging.

Understanding shear-induced segregation reframes start-up control. The objective is to
prevent extreme wall shear during initial movement. This is achieved by lubrication, low
initial velocity, and progressive pressurisation. Once segregation has occurred, recovery is
unlikely. No amount of additional pressure restores a coherent boundary layer. Instead,
pressure accelerates plug growth.

This reinforces a critical principle of start-up engineering. Blockages formed during start-up
are not caused by poor concrete. They are caused by forcing concrete to move before the
system is conditioned to receive it.

9.4 Slurry composition and effectiveness

Lubrication slurry is not simply a wetting agent. Its function is to create an initial boundary
layer capable of surviving shear and conditioning the hose wall before concrete is
introduced. To achieve this, slurry must behave as a cohesive paste rather than as free
water.

Effective lubrication slurry contains sufficient fines. Cement, fine sand, or a purpose
designed lubrication product provides the particle content required to form a continuous film.
Under shear, this paste can adhere to the hose wall and resist being stripped away by flow.

Cohesion is essential. If the slurry lacks fines, it behaves as water. It runs ahead of the

concrete, drains into low points, and leaves the wall effectively dry. No stable slip plane is
formed.

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%SS rssmining.co.za

MINING

Excessively watery slurry therefore fails in its primary purpose. In such cases, concrete is
forced to move against a wall that is still unconditioned. High shear develops immediately.
Segregation mechanisms described earlier are triggered despite the presence of nominal
lubrication.

This failure mode is common. Procedures may record that slurry was used, yet the system
behaves as if it were dry. The issue is not whether slurry was introduced, but whether it was
capable of forming a film.

Slurry volume is equally critical. Field experience indicates that slurry volumes below
approximately 0.15 cubic metres are frequently insufficient for hose lengths exceeding 40
metres. This observation reflects the need to coat internal surface area, not simply to
precede the concrete.

Longer hoses require more slurry. Internal roughness, bends, reducers, and clamp zones all
increase the surface area that must be conditioned. Worn hoses absorb slurry into surface
irregularities, further increasing demand.

Insufficient volume produces partial coverage. Some sections may be lubricated while others
remain dry. These dry zones become initiation points for shear-induced segregation and plug
formation once concrete arrives.

From an engineering perspective, slurry effectiveness must be judged by outcome rather
than intent. Effective slurry produces a rapid pressure drop once concrete enters the system.
Flow stabilises quickly. Initial resistance is modest and uniform.

Ineffective slurry produces erratic pressure behaviour. Pressure spikes early. Surging occurs.
Resistance varies with location. These are signs that the boundary layer has not formed
consistently.

Slurry composition and volume should therefore be specified deliberately. They are not
minor operational details. They are engineering controls that determine whether start-up
transitions smoothly into steady state or fails catastrophically.

This understanding reframes lubrication practice. The objective is not to add liquid. The
objective is to create a mechanically stable interface.

When slurry is cohesive and sufficient in volume, it enables boundary layer formation and
protects the system during its most vulnerable phase. When it is not, start-up becomes an
uncontrolled experiment with predictable failure modes.
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9.5 Pressure evolution during transient flow

Pressure behaviour during start-up follows a characteristic pattern. At initiation of pumping,
an initial pressure rise is expected. This rise reflects the effort required to mobilise static
material, displace air, and begin conditioning the hose wall. This phase is normal.

As slurry and then concrete move through the system, resistance is initially higher than
during steady state. Boundary layers are forming, particle alignment is incomplete, and flow
paths are still adjusting. Stabilisation should follow.

Once a continuous lubricating layer has formed and flow becomes coherent, pressure
should plateau or decrease slightly despite increasing output. This indicates that friction has
transitioned from direct wall contact to slip-controlled behaviour. This stabilisation is the
critical signal, confirming that the system has entered a sustainable operating state.

Continued pressure increase is not normal. If pressure continues to rise with time at constant
or slowly increasing output, resistance is growing rather than resolving. This indicates that
boundary layer formation has failed or is being destroyed faster than it forms.

Several mechanisms may be responsible: shear-induced segregation may be generating a
coarse-rich core; localised plugs may be forming at clamps, reducers, or bends; slurry may
have been insufficient or ineffective; or material may be stiffening due to time or temperature.
Regardless of cause, the pattern is consistent: pressure rise without stabilisation signals
developing instability.

This pattern provides an early diagnostic tool. Pressure must be interpreted as a trend rather
than a value; absolute pressure numbers are less informative during start-up than the
direction and rate of change. A smooth rise followed by stabilisation indicates healthy
transition. A jagged or continuously rising curve indicates imminent failure.

This interpretation requires restraint. The instinctive response to rising pressure is often to
increase output or air. During start-up, this response is counterproductive, as increased
shear accelerates segregation and plug formation.

The correct response is intervention. Output should be reduced. Flow should be paused if
safe to do so. Additional lubrication may be required. Geometry should be checked at known
initiation points.

From an engineering perspective, pressure evolution is a window into internal system
behaviour. During start-up, the system reveals whether it is conditioning successfully or
deteriorating. This information is available early, before catastrophic blockage occurs.
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Using this signal effectively requires discipline. Operators and supervisors must be trained to
recognise the pattern and act decisively. Waiting for pressure to exceed nominal limits often
means the failure mechanism is already established.

Understanding pressure evolution reinforces a broader principle of transient flow control.
Start-up is not judged by whether concrete eventually reaches the nozzle. It is judged by
how resistance evolves on the way there. Stable systems announce themselves early
through pressure stabilisation. Unstable systems announce themselves just as clearly
through persistent pressure rise.

9.6 Interaction with accelerator systems

Accelerator behaviour during start up is fundamentally different from behaviour under steady
flow. During start up, the concrete stream is not yet coherent. Boundary layers are
incomplete, particle alignment is poor, and local shear conditions fluctuate rapidly.
Introducing acceleration into this environment amplifies instability rather than correcting it.

Accelerator introduction during unstable flow exacerbates segregation. When accelerator is
injected into a stream that has not yet established stable wall slip, stiffening begins before
internal structure is organised. Paste viscosity increases locally while particle distribution
remains uneven. This locks segregation in place. Fine paste stiffens around local
concentrations. Coarse particles and fibres remain poorly supported. Instead of promoting
early structural emergence, acceleration freezes an unstable configuration.

The result is plug formation. Once paste stiffens in high shear zones near the wall or at
geometric disturbances, it loses the ability to migrate and reform a boundary layer.
Resistance increases sharply and locally. Pressure rises and flow becomes erratic. This is
why accelerator dosing during start up must be conservative. Early dosing should be
reduced or delayed until stable flow is confirmed. The priority during start up is mechanical
conditioning of the system, not chemical stiffening of the material.

Premature acceleration promotes stiffening before compaction occurs. Compaction relies on
particle mobility and paste flow under impact. If paste stiffens before coherent projection is
achieved, material adheres poorly, rebounds excessively, or forms weak, porous layers.
These deficiencies are irreversible. Later increases in air or output do not restore lost
compaction. They increase turbulence and rebound while leaving internal structure
compromised.

From an engineering perspective, accelerator control during start up serves a different
objective than during production. During production, acceleration synchronises stiffness
development with build up and confinement requirements. During start up, acceleration must
wait until the system is mechanically ready to accept it. This requires clear sequencing. First,
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establish flow. Second, confirm pressure stabilisation. Third, introduce acceleration
progressively. Reversing this sequence creates predictable failure modes.

This interaction explains several common field problems: blockages that occur immediately
after accelerator is switched on; erratic spray behaviour during the first minutes of operation;
and poor early layer quality despite correct dosing later. In each case, chemistry was applied
before mechanics were stabilised. Understanding this interaction reinforces a key principle of
transient control: start up is a mechanical conditioning phase. Acceleration belongs to the
structural phase that follows. Treating these phases as distinct reduces blockage risk,
improves compaction, and preserves the intended function of accelerator systems.

9.7 Operator perception during start-up

Operator perception during start-up differs markedly from perception during steady
operation.

During this phase, the system is transitioning from static to dynamic behaviour. Pressure is
evolving, the internal structure is forming, and resistance is changing rapidly. These changes
manifest audibly and tactically before they are fully reflected on gauges.

Auditory feedback is often the first indicator.

Pump tone during start-up is inherently unstable, but experienced operators recognise
specific patterns. A smooth rise in tone followed by stabilisation indicates that resistance is
resolving. Irregular pulsing, sharp tonal spikes, or a strained, uneven sound indicate
localised resistance and incomplete conditioning.

These sounds correlate strongly with internal shear behaviour.

Sudden changes in tone often reflect boundary layer failure at a specific location, such as a
clamp, reducer, or tight bend. Before pressure registers a clear increase, acoustic cues
signal that the system is struggling locally.

Tactile feedback provides additional information.

Reaction forces transmitted through the hose and nozzle are different during start-up. A
steady, predictable thrust indicates coherent flow. Erratic vibration, knocking, or intermittent
surging indicates unstable particle movement and pressure fluctuation.

These sensations are not subjective noise.

They are mechanical signals transmitted through the system structure. Changes in vibration

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%SS rssmining.co.za

MINING

amplitude and frequency correlate closely with pressure instability and developing
segregation.

Experienced operators integrate these cues instinctively.

They reduce output, pause advancement, or delay accelerator introduction when abnormal
feedback is detected. These interventions often prevent failure before it becomes visible on
instruments.

This ability is learned, not intuitive.

It develops through repeated exposure to cause and effect. Operators learn which sounds
and sensations precede blockages and which resolve naturally as boundary layers form.

From an engineering perspective, this perception functions as a high-resolution sensor.
Pressure gauges provide averaged data. Operator perception provides local, immediate
information. Together, they offer a more complete picture of system behaviour during
start-up.

Ignoring operator feedback removes this resolution.

Systems are then controlled solely by delayed indicators. By the time pressure alarms
activate, the failure mechanism may already be established.

Professional practice integrates both.

Operators are encouraged to report abnormal tone and vibration. Supervisors treat these
reports as legitimate diagnostic input rather than anecdotal concern.

This integration improves start-up reliability.

It allows for early, low-consequence intervention rather than late, high-consequence
response.

Understanding operator perception during start-up reinforces a broader principle.
Transient phases demand heightened sensitivity.
Steady state logic does not apply.

Recognising and trusting sensory cues during start-up is not informal practice.
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It is an essential component of engineered control in shotcrete pumping systems.

9.8 Temporal sensitivity

Time plays a dominant role during start-up. During this phase, the system is exposed to
rapid change while lacking the stabilising mechanisms present during steady operation.
Hydration, temperature effects, and admixture reactions progress continuously, regardless of
whether pumping is proceeding smoothly. This creates a narrow operating window.

Temperature, cement chemistry, and admixture interactions combine to control the rate at
which paste stiffens. During start-up, material may spend several minutes within hoses
before coherent flow is established. That time is not neutral. Hydration continues.

At elevated temperatures, reaction rates increase sharply. Paste viscosity rises faster. The
boundary layer becomes harder to establish and easier to destroy. Restart tolerance
diminishes rapidly.

At temperatures above 25 degrees Celsius, workable time may reduce by more than 30
percent. This reduction is not linear. A system that tolerates a five minute interruption at 20
degrees may tolerate only three minutes at 25 degrees, and even less at at higher
temperatures. This contraction affects start-up and restart equally.

Cement chemistry amplifies this sensitivity. High early reactivity cements, fine grinding, and
alkali content shorten the induction period. Admixtures may interact unpredictably during
transient flow, particularly when shear is intermittent.

These effects accumulate during pauses. When start-up is delayed or interrupted, material
within the hose continues to evolve chemically while remaining mechanically unconditioned.
By the time pumping resumes, the material may already be partially stiffened.

Restart then recreates extreme shear conditions. Boundary layer formation becomes
difficult. Segregation mechanisms initiate quickly. Pressure rises sharply and stabilisation
may never occur. This shortens allowable interruption windows significantly.

What was previously a safe pause becomes a failure trigger. Operators may underestimate
this change because external conditions appear similar. The difference lies in elapsed time
and temperature.

From an engineering perspective, temporal sensitivity demands disciplined sequencing.

Start-up must be prepared fully before pumping begins. Slurry must be ready. Lines must be
configured. Delays after charging should be avoided.
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If interruption occurs, it must be assessed against time and temperature, not habit. Restart
decisions should consider how long material has been static and under what thermal
conditions. When in doubt, flushing or re-lubrication is safer than forcing restart.

Understanding temporal sensitivity explains why many failures cluster at shift changes,
breakdowns, or coordination delays. The system did not fail because geometry or mix
changed. It failed because time was allowed to act unchecked during its most vulnerable
phase.

This reinforces a central principle of transient control. During start-up, time is not passive. It
is an active driver of instability.

Engineering control must therefore treat time as a design constraint, managed with the same
seriousness as pressure, geometry, and material composition.

9.9 Start-up errors as root causes

Post incident analysis frequently identifies start-up deviation as the initiating factor. This
finding is often obscured by the timing of the visible failure. Blockages, hose ruptures, or
spray instability may occur minutes or even tens of minutes after start-up appears complete.

The temporal gap is misleading. Downstream failures often represent delayed
consequences rather than immediate errors. During start-up, boundary layers may fail to
form uniformly, segregation may initiate near the inlet, or local plugs may begin to develop at
geometric disturbances. These mechanisms do not always cause immediate stoppage.
Instead, they weaken the system. Flow may continue under increasing resistance. Pressure
may appear acceptable. Operators may believe steady state has been achieved. In reality,
the system is already compromised.

As pumping continues, the initial defect propagates. Accumulation grows. Resistance
increases incrementally. Eventually, the system reaches a critical threshold and fails. The
failure point is not the origin. It is the endpoint.

This temporal separation leads to misdiagnosis. Investigations often focus on the moment of
failure. Attention is directed toward the location where blockage occurred, the action taken
immediately before rupture, or the material batch in use at that time. The true cause lies
earlier.

Start-up deviations such as insufficient lubrication, excessive initial output, premature

accelerator introduction, or delayed pressurisation create conditions that make later failure
inevitable. By the time the failure manifests, corrective opportunity has passed.
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Understanding this temporal separation is critical for accurate investigation. Root cause
analysis must trace events back to start-up and early transient behaviour. Pressure trends,
start-up sequencing, slurry use, and operator feedback during the first minutes must be
examined. If this phase is ignored, corrective actions target symptoms rather than causes.

Systems are modified without addressing start-up discipline. Mix designs are changed
unnecessarily. Equipment is blamed incorrectly. Failures recur.

From an engineering perspective, start-up must be treated as a high consequence phase.
Errors made during this phase may not be immediately visible, but they define system
stability for the remainder of the operation.

This perspective improves learning. When start-up is recognised as the root of many
failures, prevention strategies become clear. Attention shifts to preparation, sequencing, and
conditioning rather than reaction.

It also clarifies responsibility. Failures are no longer attributed to isolated operator actions at
the moment of collapse. They are understood as system level deviations occurring earlier,
often under time pressure or coordination constraints.

Recognising start-up errors as root causes aligns investigation with physical reality. It allows
engineering controls to be applied where they are most effective, before instability becomes
irreversible.

9.10 Engineering interpretation

Start-up must be viewed as an integral phase of pumping. It is not a preliminary step that
precedes real operation. It is the first and most fragile operating condition the system will
experience. Until this phase is successfully completed, none of the assumptions associated
with steady flow are valid.

From an engineering perspective, start-up defines whether steady state can exist at all.
During this phase, boundary layers are formed, flow paths are conditioned, and internal
structure transitions from static to dynamic. These processes determine whether the system
enters a stable regime or carries latent defects forward.

Design assumptions regarding flow stability apply only after this phase is completed.
Calculations of pressure loss, allowable output, and geometric tolerance assume established
wall slip, aligned particles, and coherent plug flow. These conditions do not exist during
start-up.

Applying steady state logic too early leads to error. Output rates that are acceptable later
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may be destructive at start-up. Geometry that performs reliably under conditioned flow may
initiate failure when unconditioned. Accelerator strategies suitable for production may be
destabilising during transient flow.

This distinction is frequently overlooked. Start-up is treated as a short inconvenience rather
than a governing condition. As a result, systems are forced into regimes they are not yet
prepared to sustain.

From an engineering standpoint, start-up should be designed explicitly. It requires defined
sequencing, reduced initial output, conservative acceleration, and clear acceptance criteria
for transition into steady state. Pressure trends, acoustic feedback, and flow behaviour
should confirm that conditioning has occurred.

Only then should design limits be approached.

This interpretation shifts responsibility upstream. If steady state cannot be reached reliably,
the issue lies not in operator performance during production, but in start-up design and
control. The system has not been given the conditions it requires to function as assumed.

Recognising start-up as an integral phase aligns practice with physical reality. It explains
why many systems appear adequate on paper yet fail repeatedly in the field. The design
exists only for steady flow, while the failures occur before steady flow is achieved.

Professional practice bridges this gap. Start-up is engineered with the same rigour as
production. Success is defined not by speed, but by stability achieved.

This section reinforces a central conclusion of this chapter. Flow stability is not inherent. It
must be created. And that creation occurs during start-up.

9.11 Broader implication

Effective start-up control transforms shotcrete from a reactive process into a predictable
system.

In reactive operations, behavior is managed after instability appears. Pressure spikes are
countered with force. Blockages are cleared after formation. Decisions are driven by urgency
rather than understanding.

Start-up discipline changes this dynamic.

When start-up is controlled, instability is prevented rather than corrected. Boundary layers
are established deliberately. Flow is conditioned before output is demanded. Acceleration is
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introduced only once the system is mechanically ready.
The system enters steady state by design, not by chance.

This shift has wide implications. Pressure behavior becomes repeatable. Geometry
tolerance increases. Operator workload decreases. Equipment stress is reduced. Downtime
becomes less frequent and more predictable.

Most importantly, failure modes change. Instead of sudden, high-consequence events,
deviations are detected early and corrected with low consequence intervention. Risk
migrates from acute to manageable.

This is not accidental. It reflects a different operating philosophy.

Mature operations recognize that instability originates upstream in time, not downstream in
space. They invest effort where it has the greatest leverage, during transient phases rather
than during crisis.

This maturity is visible. Procedures are explicit. Roles are clear. Operators are empowered
to slow or stop start-up when conditioning is incomplete. Production pressure does not
override mechanical reality.

In such environments, learning accumulates. Pressure trends are reviewed. Start-up
outcomes are compared. Deviations lead to procedural refinement rather than blame. The

system improves incrementally.

From an engineering perspective, this represents control. Not control through force, but
control through understanding.

Shotcrete becomes a system whose behavior can be anticipated, explained, and managed.
Variability is constrained. Performance aligns with design intent.

This is the hallmark of mature operations. They do not eliminate risk. They control when and
how it appears.

By treating start-up as a critical engineering phase, these operations move beyond reaction
and into predictability.

This broader implication closes the discussion of transient flow. It reinforces the central
message of this chapter. Start-up is where reliability is either created or forfeited.
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Operations that recognize this distinction operate shotcrete systems. Those that do not are
operated by them.
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CHAPTER 10

SPRAYING EXECUTION METHODOLOGY AND LAYER DEVELOPMENT

10.1 Formation of a sprayed concrete lining

A sprayed concrete lining forms progressively through the accumulation of layers. Each layer
contributes incrementally to stiffness, confinement, and load redistribution. The lining does
not emerge fully formed. It develops mechanically over time as material is deposited,
compacted, and allowed to stiffen. This staged formation is fundamental.

Unlike cast linings, sprayed linings do not rely on formwork to define geometry. There is no
rigid boundary that fixes thickness or shape at placement. Geometry emerges from how
kinetic energy is delivered and how material responds on impact. Sprayed linings develop
shape through kinetic deposition. Impact velocity, nozzle orientation, stand off distance, and
material cohesion determine where material adheres, how it builds up, and how it resists
sloughing. Thickness is therefore an outcome of execution rather than a preset condition.

This distinction has important consequences. In cast concrete, variability is constrained by
formwork. In sprayed concrete, variability is inherent. Local thickness, density, and bond can
vary even within the same application if execution conditions change. This variability is not
random. It follows mechanical logic. Areas sprayed perpendicular receive higher normal
energy and compact more effectively. Overhead and inclined surfaces are more sensitive to
early stiffness and cohesion. Edges and transitions are prone to under build if nozzle access
is limited.

Layer interaction governs stability. Each new layer imposes load and impact on the layer
beneath. If the underlying layer has sufficient early stiffness, build up proceeds without
deformation. If not, sagging, shear, or internal damage may occur. Thus, lining formation is
governed by timing as much as by quantity. Rapid accumulation without regard to early age
behaviour leads to compromised continuity. Slower, staged build up often produces a thinner
but mechanically superior lining.

From an engineering perspective, sprayed lining formation must be treated as a controlled
process. Design thickness represents an average target, not a guarantee of performance.
Achieving functional equivalence across the lining requires control of execution parameters,
not reliance on nominal dimensions. This understanding reframes thickness control. The
objective is not uniform geometry at all costs. It is uniform mechanical behaviour. Where
variability cannot be eliminated, it must be anticipated and bounded so that performance
remains within acceptable limits.
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Recognising how sprayed linings form provides the foundation for the sections that follow.
Subsequent discussion will examine thickness development, load sharing between layers,
and the interaction between sprayed linings and ground behaviour.

10.2 Mechanics of initial adhesion

Initial adhesion is the defining event in sprayed lining formation. It determines whether the
lining becomes mechanically connected to the substrate or merely rests against it. All
subsequent layers depend on the integrity of this first connection.

Initial adhesion results from the combined action of three mechanisms. Impact energy is the
primary driver. Normal impact force embeds paste and fine particles into surface asperities.
This mechanical keying anchors material at the interface. Without sufficient impact energy,
material may stick temporarily but lacks resistance to shear and separation.

Paste cohesion governs continuity. Cohesive paste flows around aggregate and fibres at
impact, filling surface irregularities and creating a continuous contact zone. If cohesion is
inadequate, paste tears or segregates, leaving voids at the interface.

Surface roughness provides mechanical interlock. Rough or irregular rock surfaces offer
asperities into which paste and fines can embed. Smooth or contaminated surfaces reduce
mechanical keying and increase reliance on cohesion and impact energy alone.

These mechanisms act simultaneously. Deficiency in one may be partially compensated by
the others, but none can be neglected entirely. Adequate adhesion requires alignment of all
three.

The first layer anchors subsequent material. Once bonded, this layer resists the impact and
weight of later layers. It transmits load to the substrate and provides a stable base for
thickness development.

If this layer is compromised, the failure propagates upward. Poor adhesion leads to sliding,
sloughing, or internal shear at the interface. Subsequent layers may appear stable initially,
but they are supported by a weak foundation.

Thickness above does not correct this deficiency. A thick lining bonded poorly behaves as a
detached shell. Under deformation or vibration, separation initiates at the interface and
propagates. Delamination occurs regardless of nominal thickness.

This explains a common field paradox. Thin linings applied early with good adhesion often

outperform thicker linings applied later under poorer conditions. The difference lies not in
quantity of material, but in quality of attachment.
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From an engineering perspective, initial adhesion is non negotiable. It must be established
deliberately through correct nozzle orientation, adequate impact energy, appropriate paste
behaviour, and surface preparation. Once lost, it cannot be restored by adding more
material.

Understanding the mechanics of initial adhesion reinforces a central principle of sprayed
concrete engineering. Performance begins at the interface. Everything above depends on
what happens at the first layer.

10.3 Influence of surface morphology

The morphology of the rock surface is a primary determinant of bond performance.

Sprayed concrete does not bond to an abstract substrate. It bonds to a specific physical
surface with defined roughness, texture, and continuity. These characteristics govern how
impact energy and paste flow are converted into adhesion.

Rough surfaces promote mechanical interlock. Irregularities, asperities, and discontinuities
provide recesses into which paste and fine particles can embed under impact. This creates a
physical keying effect that resists shear and separation.

Mechanical interlock is robust. It does not depend on perfect chemical conditions. It tolerates
minor surface contamination and variability in paste behaviour. Once established, it provides
stable anchorage for subsequent layers.

Smooth surfaces behave differently. Saw cut, polished, or abrasion smoothed rock lacks
asperities. Impact energy cannot drive paste into recesses that do not exist. Adhesion then
relies primarily on chemical bonding at the interface.

Chemical adhesion is weaker and less reliable. It depends on intimate contact, surface
cleanliness, moisture condition, and compatible chemistry. Any disturbance, such as
vibration, thermal movement, or early deformation, can break this bond.

This explains the poor performance often observed on saw cut or polished rock. In such
conditions, sprayed concrete may adhere initially but debond later under relatively small
movements. Delamination occurs even when thickness and strength appear adequate.

This failure is often misattributed. Poor bond is blamed on mix design, accelerator dosage,

or application technique alone. In reality, the governing factor is the absence of mechanical
interlock.
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From an engineering perspective, surface morphology must be assessed explicitly. Where
rock surfaces are smooth, additional measures are required. These may include surface
roughening, scabbling, high pressure water jetting, or the use of bonding layers designed to
increase interfacial roughness.

Relying on sprayed concrete alone to overcome unfavourable morphology is unreliable.
Thickness does not compensate for lack of interlock. A thick lining on a smooth surface
remains vulnerable to separation. A thinner lining on a rough surface often performs better.

Understanding the influence of surface morphology reframes surface preparation. It is not
cosmetic or secondary. It defines the boundary condition upon which the entire lining
depends.

Recognising this allows engineers to predict where bond problems are likely and to intervene
before failure occurs.

10.4 Stress development during build-up

As sprayed concrete layers accumulate, self-weight increases continuously. Each new layer
adds vertical load to the material beneath. This load is transferred through the lining to the
interface with the rock surface. During early age, this transfer occurs while the material is still
gaining cohesion and stiffness.

Early age material exhibits limited tensile capacity. At this stage, the paste skeleton is
forming but remains vulnerable. Tensile strength is low. Shear resistance at the interface is
governed by adhesion and mechanical interlock rather than by hardened concrete
properties.

Excessive build-up induces shear stress at the interface. On vertical or inclined surfaces, the
weight of the accumulating lining generates shear forces parallel to the substrate. These
forces increase linearly with thickness and density.

When build-up proceeds faster than strength development, stress accumulates more quickly
than resistance. Once this stress exceeds early bond strength, sliding occurs. This sliding
may be visible as sagging or sloughing, or it may occur internally as micro slip at the
interface. In either case, continuity is compromised.

Importantly, this failure does not require gross overload. It occurs at stresses far below those
associated with hardened concrete. The governing condition is compatibility between load

accumulation and early age bond development.

This mechanism governs allowable layer thickness. The maximum thickness that can be
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applied in a single pass depends on surface orientation, roughness, paste behaviour,
acceleration rate, and time between passes.

Attempting to apply thickness beyond this limit does not produce a stronger lining; it
produces a damaged one.

From an engineering perspective, this explains why staged application is often necessary.
Allowing time for early stiffness to develop between passes increases shear resistance at
the interface. Subsequent layers can then be supported without inducing slip. This is
particularly critical on smooth or inclined surfaces where mechanical interlock is limited.

Field observations align with this model. Linings that appear stable during spraying may later
detach along smooth planes. The failure occurred earlier, during build-up, when shear
exceeded early bond capacity.

Understanding stress development during build-up reframes application control. Thickness is
not governed solely by specification. It is governed by the balance between self-weight and
early age resistance.

10.5 Interlayer bonding mechanisms

Interlayer bonding governs whether a sprayed concrete lining behaves as a single structural
element or as a stack of independent layers.

Bonding between layers depends on two mechanisms acting together.

Chemical continuity provides cohesion across the interface. When a new layer is applied
onto material that is still chemically active, hydration products can grow across the interface.
Paste from the fresh layer intermingles with the surface paste of the underlying layer. This
creates a continuous cementitious matrix rather than a discrete joint.

Mechanical interlock provides resistance to slip. Surface roughness, surface texture created
by rebound, and fibre protrusion all contribute to physical interlocking between layers. Impact
energy forces fresh material into surface irregularities, creating shear resistance even before
full chemical bonding develops.

Both mechanisms are required for reliable interlayer performance.
If the lower layer has fully hardened, chemical continuity is lost. Hydration has progressed
too far for intergrowth of products across the interface. The surface behaves as an inert

substrate. Bond then relies almost entirely on mechanical interlock and friction. This bond is
weaker and more variable. Under load or deformation, sliding or separation may occur along
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the interface, particularly if the surface is smooth or contaminated by dust or rebound.

If the lower layer is too fresh, a different failure mode emerges. The underlying material lacks
sufficient stiffness to resist the impact and weight of the new layer. Deformation occurs within
the lower layer rather than at the interface. This leads to shear distortion, sagging, or internal
microcracking. The interface may remain chemically continuous, but mechanical integrity is
compromised.

Optimal bonding occurs within a narrow time window. During this window, the lower layer
has developed enough stiffness to support additional load, yet remains chemically active
enough to form continuity. Surface texture is receptive to impact compaction without
undergoing excessive deformation.

This window is sensitive to conditions. Temperature, accelerator dosage, cement chemistry,
and layer thickness all influence its duration. In warm conditions or with high acceleration,
the window may be minutes. In cooler conditions, it may extend longer.

From an engineering perspective, interlayer bonding is therefore a timing problem. It cannot
be solved by strength alone. It cannot be corrected after the fact. It must be achieved
deliberately through sequencing and observation.

This explains common field outcomes. Linings that delaminate along distinct planes often
suffered from late application onto hardened surfaces. Linings that exhibit internal shear
distortion were often overloaded too early. Both failures originate from missing the bonding
window.

Recognising interlayer bonding as a time dependent mechanism reinforces a core principle
of sprayed concrete construction. Layering is not additive in isolation. Each layer must be
placed at the right moment for the lining to behave as a single structure.

10.6 Influence of accelerator dosage on layering

Accelerator dosage exerts direct control over how sprayed concrete layers interact. Its
influence extends beyond setting time. It governs stiffness evolution, deformation capacity,
and the ability of layers to act together during build up.

Higher accelerator dosage reduces allowable layer thickness. Rapid stiffening shortens the
viscoelastic phase. The material gains stiffness quickly but loses its capacity to
accommodate deformation. Under the impact and weight of subsequent layers, strain is
converted rapidly into stress. This produces brittle behaviour. Instead of redistributing load
through creep and internal adjustment, stress concentrates at interfaces. Microcracking
develops. Interlayer shear resistance may appear high initially but degrades under continued
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loading. As a result, thick build up becomes unsafe. Attempting to apply excessive thickness
in a single pass under high acceleration often leads to cracking, tearing, or debonding, even
though early strength appears adequate.

Lower accelerator dosage increases allowable layer thickness. Extended deformability
allows the lining to accommodate self weight and impact from additional material. Shear
stresses are redistributed through creep rather than resisted abruptly. This allows greater
thickness to be achieved before damage occurs.

However, this benefit carries risk. If stiffness develops too slowly, early age resistance may
be insufficient to support the accumulated load. Sagging, sloughing, or sliding can occur,
particularly on vertical or inclined surfaces. Thus, neither extreme is acceptable.

This trade off must be managed dynamically. Accelerator dosage cannot be fixed
independently of build up strategy. It must respond to orientation, surface condition,
temperature, and intended layer thickness. In practice, this requires continuous adjustment.
Higher dosage may be appropriate for thin early membranes where rapid confinement is
required. Lower dosage may be suitable for thicker structural build up where deformation
compatibility is critical.

From an engineering perspective, this explains why rigid dosage prescriptions often fail. A

single dosage cannot satisfy all layering demands across varying geometry and conditions.
When dosage is fixed, operators compensate through technique, often masking underlying
incompatibility.

Professional practice aligns dosage with layering intent. Operators adjust build up rate to
match stiffness development. Engineers recognise that allowable layer thickness is not a
constant, but a function of acceleration strategy.

Understanding this relationship reframes accelerator use. Acceleration is not applied to
maximise speed. It is applied to balance stiffness against deformation during layering.
Correct balance produces continuity and stability. Incorrect balance produces brittle failure or
uncontrolled deformation.

10.7 Rebound as an indicator of energy transfer

Rebound is a direct consequence of how kinetic energy is transferred at impact. It
represents material that has failed to embed, compact, or adhere to the surface. From an
engineering standpoint, rebound is not merely waste; it is a measurable outcome of
inefficient energy transfer.

Rebound percentage reflects energy efficiency. When impact energy is delivered
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predominantly in the normal direction and paste cohesion is adequate, particles embed and
compact. Energy is absorbed by deformation and interlock, and rebound is low.

When tangential forces dominate, particles slide rather than embed. This occurs with poor
nozzle orientation, excessive standoff distance, or high air velocity. Impact energy is
redirected along the surface rather than into it, and rebound increases accordingly.

Insufficient cohesion produces a similar outcome. If paste tears or segregates at impact,
aggregate and fibers lack a binding medium. They ricochet rather than embed. Even with
correct orientation, rebound rises. Thus, high rebound indicates one or both of the following:
excessive tangential force or insufficient paste cohesion. Both conditions compromise lining
quality.

Monitoring rebound provides real-time feedback on application quality. Changes in rebound
rate often precede visible defects. A sudden increase may signal over acceleration, loss of
cohesion, poor nozzle angle, or surface contamination. A decrease accompanied by sagging
may indicate under acceleration.

Rebound trends are therefore more informative than absolute values. Consistently low
rebound across surfaces indicates stable energy transfer. Variable rebound indicates
changing conditions or technique.

From an engineering perspective, rebound monitoring should be integrated into quality
control. It provides immediate feedback during the critical early phase when correction is still
possible. Unlike compressive strength tests, rebound reflects actual placement behavior.

This reframes rebound management. The objective is not merely to reduce waste; the
objective is to ensure that impact energy is being used productively to form a dense, bonded
lining.

Excessive focus on rebound reduction without understanding the cause can be
counterproductive. Lowering air to reduce rebound may compromise compaction. Increasing
acceleration to reduce sloughing may increase rebound elsewhere. The solution lies in
restoring correct energy balance, not in chasing a single metric.

Understanding rebound as an indicator of energy transfer aligns execution with engineering
intent. It allows operators and engineers to assess application quality in real time and adjust
before defects are locked into the lining.

10.8 Fibre orientation during layering

Fibres do not distribute randomly by default.

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%SS rssmining.co.za

MINING

During projection, fibres are subjected to strong directional forces. They tend to align with
the dominant flow direction and with the plane of impact. This behaviour is inherent to their
geometry and mass.

Fibres align preferentially with flow direction.

As the spray stream accelerates, fibres rotate and orient parallel to particle velocity. On
impact, this orientation is partially preserved, particularly in the plane of the surface.

This produces anisotropy.

Fibre contribution becomes direction dependent. Crack resistance improves in some
directions while remaining limited in others.

Layer by layer build up improves distribution.
Each successive layer is applied with slightly different flow paths, impact angles, and local
turbulence. This disrupts uniform alignment and promotes a more three dimensional fibre

network.

Impact from subsequent layers also reorients fibres near the interface, improving anchorage
and interaction between layers.

The result is more uniform toughness.

Energy absorption capacity increases because fibres are better positioned to bridge cracks
regardless of orientation.

Single thick passes often produce unfavourable fibre structures.

In thick single passes, fibres accumulate within a narrow zone of deposition. Alignment
remains strongly directional. Layers of preferential orientation develop within the thickness.

This phenomenon is often invisible.

The lining may meet thickness and strength requirements, yet its post crack behaviour is
compromised. Under load, cracks propagate along planes where fibre resistance is weakest.

Reduced toughness is the consequence.

From an engineering perspective, fibre effectiveness depends as much on placement
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strategy as on dosage.

Increasing fibre content does not compensate for poor orientation. A lower fibre dosage
applied in well controlled layers often outperforms a higher dosage applied in thick passes.

This explains discrepancies between laboratory results and field performance.

Laboratory panels are typically sprayed in thin layers under controlled conditions. Field
applications using thick passes do not reproduce the same fibre network.

Understanding fibre orientation reinforces the importance of layering discipline.

Layering is not only about adhesion and stress control.

It is also about structuring the internal reinforcement system.

Professional practice recognises this implicitly.

Experienced operators favour controlled build up even when rapid thickness is demanded.
This approach produces linings with more reliable post crack behaviour and better energy

absorption.

Recognising fibre orientation as a function of layering allows engineers to align execution
with design assumptions regarding toughness and residual strength.

It reinforces a central message of this chapter.

How material is placed determines how it performs.

10.9 Thickness variability and structural implication

Thickness in sprayed concrete is inherently variable.

Unlike cast linings, where formwork fixes geometry, sprayed linings develop through
deposition. Local thickness reflects access, orientation, rebound, and operator control. Even
under disciplined execution, variation is unavoidable.

This variability has structural consequences. Local thin zones govern failure.

Load transfer, confinement, and crack control depend on the weakest section of the lining.

Stress redistributes toward thinner areas where stiffness and capacity are lowest. Cracking
initiates there, not where thickness is greatest.
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Once cracking begins, it propagates. The lining behaves as a continuous system. A local
deficiency compromises adjacent areas. The overall performance is therefore controlled by
minimum thickness rather than by average values.

Average thickness is a misleading metric. An average may meet specification while
concealing critical under-thickness at edges, transitions, crown shoulders, or areas with
restricted nozzle access. These locations often coincide with high stress or movement
demand.

Relying on averages creates false confidence. A lining may appear adequate when
assessed statistically, yet fail structurally because a small percentage of the surface falls
below functional thickness.

From an engineering perspective, minimum thickness governs capacity. Design models
implicitly assume a continuous section capable of distributing stress. Where local thickness
falls below this assumption, the model no longer applies.

This is particularly important for fibre-reinforced linings. Fibre effectiveness depends on
crack bridging across the full section. Thin zones reduce embedment length and limit energy
absorption. Post-crack behaviour degrades sharply once a critical thickness threshold is
crossed.

Engineering evaluation must therefore focus on minima. Thickness control should identify
and correct local deficiencies rather than optimise global averages. Inspection regimes must
target known risk zones such as corners, interfaces with steel sets, and overhead surfaces.

This understanding reframes quality control. The objective is not to achieve a target mean
thickness. It is to eliminate structurally critical thin zones.

Professional practice recognises this implicitly. Experienced crews instinctively build up at
edges and transitions, even if it increases local thickness beyond nominal values. This
compensates for geometric vulnerability and improves overall performance.

Recognising thickness variability as a governing structural factor aligns evaluation with
reality. Structures do not fail at their average condition. They fail at their weakest point.

10.10 Long-term structural behaviour

A sprayed concrete lining behaves as a composite structure.

It is not a homogeneous mass formed at a single point in time. It consists of layers applied
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under varying conditions, each with its own age, stiffness, and interaction with adjacent
material. Over time, these layers act together to resist load, but their internal history remains
embedded within the structure.

Discontinuities introduced during application persist for the life of the lining.

Interfaces created by delayed layering, changes in acceleration, surface contamination, or
uneven compaction do not disappear as hydration progresses. Later strength gain occurs
within each layer, not across discontinuities that were never bonded properly.

These planes become long term features.

They may remain dormant under low stress. Under deformation, vibration, or environmental
action, they become preferred paths for cracking, slip, or moisture ingress.

Durability is directly affected.

Water and aggressive agents migrate preferentially along interlayer weaknesses. Freeze
thaw damage, where relevant, concentrates at these planes. Fibre corrosion or matrix
degradation accelerates where continuity is poor.

Even when compressive strength remains high, functional performance declines.

Understanding formation mechanisms is therefore essential for durability.

Durability is not achieved solely through mix design or cover thickness. It is achieved by
creating a lining with internal continuity and uniform mechanical behaviour from the outset.

This reframes durability design.
Specifications that focus on 28 day strength or permeability alone overlook the dominant
influence of construction history. Two linings with identical material properties may perform

very differently depending on how they were layered.

From an engineering perspective, layered shotcrete must be designed and executed as a
composite.

Layer sequencing, timing, surface condition, and acceleration strategy define how layers
interact. These factors determine whether the lining behaves as a single structure or as a

collection of bonded plates.

Professional practice integrates this understanding.
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Layering strategies are chosen not only for build up speed, but for long term integrity. Time
windows are respected. Surfaces are cleaned deliberately. Acceleration changes are
minimised within a layer.

These practices reduce internal discontinuity.

Recognising long term structural behaviour as a consequence of formation closes the loop
between early execution and service life.

It reinforces a central message of this manual.
Shotcrete remembers how it was built.

Durability is not added later.

It is formed during application.

10.11 Engineering judgement in execution

Execution quality in sprayed concrete cannot be fully prescribed through rules.
Specifications can define target thickness, strength class, fibre dosage, and testing
requirements. They cannot define, in advance, how material will respond to every
combination of surface condition, temperature, geometry, and time.

Execution therefore requires interpretation. Operators and supervisors must continuously
assess how the material is behaving and adjust technique accordingly. This assessment is
based on observable response rather than on nominal parameters alone.

Material response provides the information. Build up behaviour, rebound, surface texture,
sound at impact, and early deformation all signal whether energy transfer, adhesion, and
stiffness development are aligned. These signals must be read and acted upon in real time.

Rules cannot replace this process. A rule may state a maximum layer thickness. Judgement
determines whether that thickness is appropriate at a specific location, orientation, and
moment. A rule may specify accelerator dosage. Judgement determines whether the
material is stiffening too fast or too slowly under current conditions.

This judgement is not instinctive. It develops through training and feedback. Structured
exposure to cause and effect allows practitioners to link early observations to later
outcomes. When feedback is absent, judgement stagnates. When feedback is immediate
and consistent, competence improves.
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From an engineering perspective, this places responsibility on the system. Judgement
cannot develop in environments that discourage intervention. If operators are penalised for
slowing production or questioning conditions, judgement is suppressed. If feedback is limited
to late age test results, learning is delayed.

Mature operations recognise this. They treat execution judgement as a skill to be developed,
not a variable to be eliminated. Training focuses on interpretation, not memorisation.
Supervision reinforces correct decisions rather than speed alone.

This reframes quality control. Quality is not achieved by enforcing compliance after the fact.
It is achieved by enabling informed decisions during application.

Engineering judgement bridges the gap between design intent and material reality. Without
it, execution becomes mechanical and brittle. With it, variability is managed and performance
becomes reliable.

This section reinforces a core theme of this chapter. Sprayed concrete performance
emerges from interaction. Rules define boundaries. Judgement navigates within them.

10.12 Concluding reflection

Shotcrete lining formation is a controlled construction process.

It is not a spraying exercise. It is not the simple accumulation of material until a target
thickness is reached. It is a sequence of mechanical events that unfold in time and space
and determine whether the lining functions as a structural system.

Each layer alters the behaviour of those beneath it. Stiffness evolves. Bond conditions
change. Load paths develop. Decisions made at one moment influence what is possible at
the next. This interaction cannot be reversed once material has stiffened.

Understanding how layers interact is therefore essential. Layer thickness, timing, accelerator
dosage, and nozzle technique must be coordinated so that adhesion, deformation capacity,
and continuity are preserved throughout build up. Failure to manage this interaction
introduces discontinuities that persist for the life of the lining.

This understanding separates control from chance.

When layering is treated as a process, variability is anticipated and bounded. When it is
treated as an output, defects are discovered only after they are locked in.
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From an engineering perspective, lining formation represents the point where design intent
becomes physical reality. No calculation or specification can compensate for loss of control
at this stage. Conversely, disciplined execution can often achieve reliable performance even
under challenging conditions.

This chapter has established a central principle. Shotcrete lining performance is created
during formation, not after curing. It depends on understanding time dependent behaviour,
interface mechanics, and human judgement. It depends on recognising that structure
emerges progressively, not instantaneously.

This concluding reflection closes the discussion of lining formation. The chapters that follow
will build on this foundation by examining how sprayed linings interact with ground
behaviour, reinforcement systems, and long term loading.

Without mastery of formation, those discussions have no stable base.
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CHAPTER 11

THICKNESS CONTROL, PROBING, AND GEOMETRIC COMPLIANCE

11.1 Thickness as a geometric surrogate

In sprayed concrete design, thickness is commonly used as a surrogate for structural
capacity. Design charts, support classes, and empirical systems often correlate required
thickness with expected ground conditions and loading demand. This approach is practical
and, within limits, effective.

However, thickness is not capacity. It is a geometric parameter used to approximate
stiffness, confinement, and load distribution. The validity of this approximation depends on
how that thickness is achieved in reality.

The surrogate is valid only if thickness is achieved uniformly. Uniform thickness implies
continuous load paths, consistent stiffness, and predictable crack development. Under these
conditions, design assumptions regarding stress redistribution and deformation control
remain applicable.

When thickness is non uniform, behaviour changes. Localized deficiencies govern
performance. Stress does not average itself across the lining. It concentrates where stiffness
is lowest. Thin zones attract deformation, cracking, and separation. Once damage initiates at
these locations, it propagates into adjacent areas regardless of their greater thickness.

This makes minimum thickness structurally decisive. A lining that averages 75 millimetres
but contains zones of 35 millimetres does not behave like a 75 millimetre lining. It behaves
like a lining weakened at those thin locations.

This principle is fundamental. It applies to membrane action, bending resistance, fibre crack
bridging, and confinement behaviour. In all cases, the weakest section controls response.

Yet it is frequently misunderstood. Design discussions often focus on achieving an average
thickness or meeting a mean value from core samples or scanning data. Local under
thickness is treated as an exception rather than as a governing condition.

This misunderstanding leads to systematic overestimation of capacity. From an engineering
perspective, thickness should be understood as a conditional proxy. It represents capacity
only when continuity is preserved. Where continuity is broken by thin zones, rebound
shadows, or poor access areas, the proxy fails.
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This reframes thickness control. The objective is not to meet a nominal target across the
area. It is to ensure that no part of the lining falls below the thickness required to perform its
function.

Professional practice reflects this reality. Experienced crews build deliberately thicker at
edges, corners, shoulders, and transitions. This is not over application. It is compensation for
geometric vulnerability and access limitations.

Understanding thickness as a geometric surrogate rather than a direct measure of capacity
aligns design intent with construction reality. It reinforces a core message of sprayed

concrete engineering.

Structures do not fail at their average condition. They fail where geometry and execution
combine to create weakness.

11.2 Variability inherent in sprayed systems

Sprayed concrete systems introduce unavoidable variability.

This variability is not the result of poor workmanship alone. It arises from the fundamental
absence of formwork and from the way material is deposited through kinetic projection rather
than placed into a fixed mould.

Unlike cast concrete, geometry is not constrained.

In cast construction, formwork defines thickness, alignment, and surface continuity before
material is placed. Concrete adapts to the geometry imposed upon it. Variability is therefore
limited primarily to material properties.

In sprayed systems, the reverse is true.

Material behaviour defines geometry.

Thickness develops dynamically through deposition. It depends on nozzle access,
orientation, stand off distance, rebound, surface inclination, and early age stiffness. Small
changes in any of these variables produce local changes in build up.

This variability is systematic, not random.

Certain locations are consistently vulnerable. Edges, shoulders, corners, overhead surfaces,
and areas behind obstructions tend to receive less material. These zones are also often
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subjected to higher stress or movement demand.

Thus, geometric variability aligns with structural sensitivity.

Understanding variability is therefore essential.

Design assumptions that rely on uniform sections must be adjusted to reflect this reality.
Execution strategies must anticipate where variability will occur and compensate
deliberately.

Attempts to eliminate variability entirely are unrealistic.

Excessive reliance on average thickness targets, post hoc scanning, or corrective over
spraying treats variability as an error rather than as a system characteristic.

From an engineering perspective, variability must be bounded, not denied.

Acceptable limits must be defined. Critical zones must be identified. Execution must focus on
controlling minimum thickness and continuity rather than chasing uniform appearance.

This understanding reframes quality.

Quality in sprayed systems is not the absence of variation. It is the assurance that variation
does not compromise function.

Professional practice reflects this distinction.

Experienced operators instinctively build up in vulnerable areas. Supervisors prioritise
inspection where variability is most likely. Designers include safety margins that reflect
realistic construction outcomes.

Recognising variability as inherent allows design, execution, and inspection to align.

It prevents false expectations.

It replaces surprise with anticipation.

This section reinforces a core principle of sprayed concrete engineering.

Reliability does not come from eliminating variability.
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It comes from understanding where it arises and ensuring that it does not control
performance.

11.3 Statistical interpretation of thickness

Thickness measurements are samples, not absolutes. Each core, probe, or scan represents
the condition at a specific point. It does not describe the entire lining. Treating individual
measurements as definitive creates a false sense of certainty.

Sparse probing provides limited confidence. When measurements are widely spaced, large
areas of the lining remain unobserved. Local thin zones may exist between test points
without being detected. The absence of evidence is then mistaken for evidence of absence.

This limitation is structural, not procedural. No reasonable sampling regime can measure
every point. Engineering control therefore depends on how results are interpreted, not only
on how they are collected.

Confidence increases with sampling density. As the number of measurements increases, the
probability of detecting thin zones improves. Patterns begin to emerge. Variability can be
characterised rather than guessed.

However, increased density does not eliminate uncertainty. Even dense sampling leaves
unmeasured areas. Statistical confidence improves asymptotically, not absolutely.

Engineering judgement must therefore interpret thickness probabilistically. Measured values
describe a distribution, not a single condition. The relevant question is not whether the
average meets specification, but whether the lower tail of the distribution remains above the
minimum required for function.

This distinction is critical. A lining with an acceptable mean thickness but a long lower tail
may perform poorly. A lining with a slightly lower mean but a tighter distribution may perform
better.

Engineering evaluation must therefore focus on risk. What is the likelihood that thickness
falls below the critical threshold? Where are those locations likely to occur? Do they coincide

with high stress or movement demand?

These questions cannot be answered by single values. They require interpretation informed
by geometry, access, execution history, and known vulnerability zones.

From an engineering perspective, thickness control combines measurement with
understanding. Data provides indication. Judgement provides meaning.
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This explains why experienced practitioners often trust patterns over individual readings. A
single low value may indicate a local anomaly. A cluster of marginal values indicates a
systemic issue.

Misuse of statistics leads to poor decisions. Rejecting a lining based on one isolated thin
point may be unnecessary. Accepting a lining based on a compliant average may be unsafe.

Professional practice balances these extremes. Sampling is designed to characterise
variability. Interpretation focuses on minimum performance rather than nominal compliance.

Recognising thickness as a statistical variable aligns evaluation with physical reality.
Structures do not respond to averages. They respond to their weakest credible condition.

When thickness is interpreted probabilistically, design intent, execution reality, and inspection
outcomes converge.

11.4 Interaction with excavation geometry

Excavation geometry strongly influences thickness distribution.

Irregular rock surfaces exaggerate variability inherent in sprayed systems. The spray stream
interacts differently with protrusions and recesses, even when nozzle technique is
consistent.

Peaks receive excess material. Protruding asperities intercept the spray first. They receive
higher normal impact energy and compact more effectively. Material accumulates rapidly on
these high points, often exceeding nominal thickness.

Recesses remain thin. Concave zones are shielded by surrounding geometry. Impact
energy is reduced. Tangential forces dominate. Rebound increases and build up is limited.
These areas are also harder to access with optimal nozzle orientation.

The result is systematic variation. Thickness increases on highs and decreases in lows. This
pattern mirrors surface morphology rather than operator intent.

This geometric effect explains why visual inspection is unreliable. A lining may appear thick
and continuous because peaks dominate visual impression. The eye is drawn to prominent
build up and smooth outer contours. Thin zones hidden within recesses are difficult to detect

without measurement.

Surface finish further masks the issue. Trowelling, rebound accumulation, or subsequent
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layers may visually smooth the surface while preserving internal under thickness. What
appears uniform externally may be highly variable internally.

From an engineering perspective, this creates a specific risk. Recesses often coincide with
discontinuities, joints, or stress concentrations in the rock. Thin zones therefore align with
areas of higher demand. This alignment is coincidental in appearance but systematic in
cause.

Visual acceptance based on apparent coverage is therefore insufficient. Inspection must
target geometry driven risk zones. These include concavities, behind steel sets, around
utilities, and at transitions between excavation profiles.

Understanding this interaction reframes inspection strategy. Measurement locations should
be selected based on excavation geometry, not convenience. Sampling density should
increase where geometry predicts under thickness.

Execution strategies should compensate deliberately. Operators may need to adjust nozzle
angle, dwell time, or pass sequence to force material into recesses. Local over build on
peaks is often necessary to ensure minimum thickness in adjacent lows.

Recognising the role of excavation geometry aligns expectations with reality. Variability is not
evenly distributed. It follows the shape of the excavation. Engineering control improves when
this relationship is understood and anticipated, rather than discovered after performance is
compromised.

11.5 Probing as an intrusive verification method

Probing is a direct method of thickness verification. It physically interrogates the lining by
penetrating through the sprayed concrete to the substrate. The result is an unambiguous
measurement of local thickness at a specific point. This directness is its strength. Unlike
indirect methods, probing does not rely on inference or calibration. It confirms actual
geometry rather than estimating it.

However, probing is intrusive. By definition, it disturbs the material it measures. The probe
hole locally breaks continuity, severs fibres, and interrupts the stress field within the lining.
While the affected zone is small, it is not negligible. This introduces a trade off. Probing
provides high quality information, but at the cost of local structural disturbance. Engineering
judgement is therefore required to balance information gain against impact.

The disturbance is usually acceptable when managed correctly. Small diameter probes in

non critical locations rarely compromise global performance. When holes are sealed
properly, long term effects are minimal.
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Problems arise when probing is excessive or poorly planned. Dense probing in the same
area creates weakened zones. Probing near edges, corners, or known thin regions may
reduce local capacity further. Probing through early age material may introduce cracks or
initiate delamination.

Timing matters. Early probing risks damaging material that has not yet developed sufficient
cohesion. Late probing may intersect hardened interfaces where repair bonding is poor.

From an engineering perspective, probing must be strategic. Locations should be selected to
maximise information value while minimising structural consequence. Probing should focus
on zones predicted to be vulnerable based on geometry, access, or execution history.
Random probing without intent provides limited insight and unnecessary damage.

Probing should also be interpreted in context. A single thin reading does not necessarily
indicate global deficiency. A pattern of thin readings in related locations does. Engineering
judgement must distinguish between local anomalies and systemic issues.

This reframes probing as part of a broader verification system. It is not a substitute for
understanding variability. It is a tool to confirm or challenge assumptions derived from
geometry, execution observation, and other measurements.

Used intelligently, probing increases confidence. Used indiscriminately, it creates damage
without clarity.

Professional practice recognises this balance. Probing is planned, limited, and purposeful.
Results are interpreted probabilistically rather than absolutely. Repair is performed carefully
to restore continuity.

Understanding probing as an intrusive verification method aligns inspection practice with
structural reality. It reinforces a recurring theme of sprayed concrete engineering. Every
intervention carries consequence. Engineering control lies in choosing where and how to
intervene, guided by understanding rather than habit.

11.6 Timing sensitivity

The timing of probing strongly influences the meaning of the result. Thickness is not a static
property immediately after spraying. During early age, the lining continues to stiffen, densify,
and interact internally. Probing performed at different times interrogates different mechanical
states of the same material.

Early age probing may underestimate thickness. When shotcrete is still green, probes can
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penetrate beyond the true interface. The material offers limited resistance. The probe
displaces paste and fines rather than cutting cleanly. Local crushing or smearing occurs at
the interface. The measured depth may therefore exceed the actual effective thickness. This
is not because the lining is thinner, but because the material has not yet developed sufficient
cohesion to resist intrusion. The measurement reflects penetration behaviour, not geometry
alone.

Late probing introduces a different risk. As the lining hardens, a dense outer crust often
develops. This crust may mask internal weaknesses created during layering, rebound
entrapment, or delayed bonding. Late probing may stop against a competent outer layer
while missing a weak or poorly bonded zone behind it. The result appears compliant, yet
does not reflect internal continuity. In such cases, probing confirms thickness but not
integrity.

Optimal timing is therefore critical. Probing should occur when the lining has gained
sufficient stiffness to resist excessive penetration, but before surface densification conceals
internal defects. This window depends on conditions. Temperature, accelerator dosage,
cement chemistry, and layer thickness all influence stiffness development. There is no
universal timing applicable to all sites.

From an engineering perspective, timing must be deliberate. Probing schedules should be
aligned with expected hydration behaviour. Early probing should be interpreted cautiously
and, where necessary, corrected for penetration effects. Late probing should be
complemented by other observations or methods to assess internal quality.

This reinforces a broader principle. Measurement does not exist independently of material
state. Data must be interpreted in light of when and how it was obtained.

Misinterpretation of timing leads to false conclusions. Early thin readings may prompt
unnecessary over spraying. Late compliant readings may provide false assurance. Both
outcomes degrade control.

Professional practice recognises timing sensitivity. Probing is planned with awareness of
material development. Results are reviewed alongside execution history and early
behaviour. Decisions are made based on convergence of evidence, not single
measurements. Understanding timing sensitivity aligns verification with reality.

11.7 Interpretation beyond single readings

Single point thickness measurements lack engineering significance on their own. A single
value describes only one location at one moment, providing no information about
surrounding conditions, continuity, or execution behaviour. Treated in isolation, such
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readings invite overreaction or false reassurance.

Patterns convey meaning. When multiple readings are viewed together, spatial relationships
emerge. Thin zones cluster around predictable features such as shoulders, concavities, steel
interfaces, or areas of restricted nozzle access. Thick zones cluster at peaks and exposed
faces.

These patterns reflect execution behaviour. They reveal how material flowed, where energy
transfer was effective, and where deposition was compromised. They also reveal whether
variability is random or systematic.

Clusters reveal execution behaviour. A line of thin readings often indicates poor access or
shielding. A band of marginal thickness may reflect a change in application sequence or
acceleration. Isolated anomalies may reflect localised geometry rather than systemic failure.

This pattern recognition is a key competence of experienced inspectors. It cannot be
replaced by numerical thresholds alone. It develops through repeated comparison between
observed execution and measured outcome.

From an engineering perspective, interpretation must focus on distributions and trends.
Thickness data becomes meaningful only when read as a spatial narrative rather than as
isolated numbers.

11.8 Over-thickness as a structural issue

Over thickness is often assumed to be conservative. In sprayed concrete, however, this
assumption is not always valid.

Excess thickness increases self-weight. This added mass increases gravitational load on the
bond interface. On vertical and inclined surfaces, this load acts as shear. On overhead
surfaces, it acts directly in tension. In overhead applications, this introduces tensile stress at
the bond interface.

Early age bond strength is limited. Excess self-weight can exceed this capacity, particularly
where surface morphology provides limited mechanical interlock. The result may be delayed
debonding rather than immediate failure.

Shrinkage amplifies this effect. As the lining dries and hydrates, restrained shrinkage
generates tensile stress. Thicker sections generate higher shrinkage forces. These forces
act at the interface and along internal planes created during layering. Thus, over thickness
can reduce rather than increase safety.
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A thick lining with compromised bond is structurally inferior to a thinner lining with continuous
adhesion and lower self-weight. From an engineering perspective, thickness must be
sufficient, not excessive. Design intent is not maximised mass. It is effective load transfer.

This understanding challenges simplistic thinking and reinforces the need for controlled build
up rather than indiscriminate application.

11.9 Correlation with rebound

Thickness variation and rebound are mechanically linked. Areas of low thickness often
correspond with high rebound.

Where energy transfer is poor, material fails to embed and compact. Particles and fibres
rebound rather than contributing to build-up, thus limiting thickness accumulation. This
correlation reflects poor energy transfer.

High rebound indicates excessive tangential force, insufficient cohesion, or unfavourable
geometry. These same conditions prevent material from adhering and building thickness.
Conversely, areas of effective compaction tend to show lower rebound and greater thickness
accumulation.

Rebound mapping therefore supports thickness interpretation. Observing rebound patterns
during application provides early indication of where thin zones are likely to develop.
Post-application rebound evidence on the floor or mesh further supports this interpretation.

From an engineering perspective, rebound is not merely waste; it is a spatial signal.
When rebound and thickness data are interpreted together, confidence increases.

Discrepancies between the two indicate either a measurement limitation or atypical
behaviour that warrants investigation.

This integrated view improves diagnosis and reduces reliance on intrusive verification alone.

11.10 Engineering decision-making

Thickness data does not dictate decisions; it informs them.

Engineering decisions following thickness verification typically include consideration of
additional support, re-spraying, or acceptance. None of these decisions can be made on
thickness alone. Decisions must consider both geometry and context.

A marginal thickness in a low-stress area may be acceptable. The same thickness at a

shoulder or joint intersection may not be. A thin zone beneath effective bolting may be
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tolerable; the same zone without reinforcement may govern failure.

Context includes execution history. Was access restricted? Was rebound unusually high?
Was the layer applied early or late? Was acceleration changed? These factors influence
interpretation.

From an engineering perspective, decisions must balance risk and consequence.
Over-correction introduces cost, weight, and potential damage. Under-correction leaves
latent weakness. Judgement lies in identifying where intervention materially improves
performance.

Thickness data is therefore one input among several. Used correctly, it guides targeted
action. Used in isolation, it leads to inefficient or unsafe outcomes.

11.11 Legal and contractual implications

Thickness verification frequently forms part of contractual compliance. Specifications often
define minimum thickness, sampling regimes, and acceptance criteria. These requirements
create legal obligations as well as technical ones.

Incomplete or poorly interpreted data undermines defensibility. Sparse sampling without
rationale, inconsistent timing, or failure to account for variability weakens the credibility of
acceptance decisions. In the event of dispute, such records are difficult to defend.

This elevates thickness control beyond technical interest. It becomes evidence. Engineering
judgement must therefore be documented. Sampling rationale, interpretation logic, and
contextual factors should be recorded alongside measurements.

Professional practice recognises this. Decisions are justified in writing. Data is presented as
distributions, not isolated values. Known limitations are acknowledged. Corrective actions
are explained in relation to risk.

This approach protects both safety and accountability. It ensures that thickness verification
serves its intended purpose rather than becoming a procedural liability.

11.12 Concluding reflection

Thickness control is not measurement alone. It is interpretation informed by understanding of
sprayed concrete behaviour. Thickness acts as a surrogate for capacity only when continuity,
adhesion, and layering have been achieved. Measurement without context creates false
confidence or unnecessary alarm.

This chapter has established a central principle: thickness data gains meaning only when
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read through the lens of execution, geometry, time, and material behaviour. Engineering
control lies not in collecting numbers, but in understanding what they represent. When
thickness is treated probabilistically, interpreted spatially, and linked to observed behaviour, it
becomes a powerful tool. When treated as an isolated metric, it becomes misleading.

This concluding reflection closes the discussion of thickness as a design and verification
parameter. The chapters that follow will build on this foundation by examining how thickness
interacts with stiffness, cracking, and composite support behaviour under load. Without
correct interpretation, thickness cannot fulfil its role as a reliable design surrogate.
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CHAPTER 12

BLOCKAGE FORMATION, DIAGNOSIS, AND RESPONSE ENGINEERING

12.1 Blockage as an energy-storage phenomenon

From an engineering standpoint, a blockage represents a localised containment of energy.

A pumping system is designed to convert mechanical input into material flow. When flow is
arrested but pumping continues, this conversion pathway is blocked. Energy is no longer
dissipated through movement and friction along the line. Instead, energy accumulates as
pressure.

The system behaves like a compressed spring. Hoses, clamps, pump components, and the
material itself store elastic and hydraulic energy. This stored energy increases with time and
pump input.

The danger lies not in the blockage itself. A static blockage is mechanically stable. The
hazard arises from the energy stored behind it and the potential for uncontrolled release.

Understanding blockage as energy storage reframes risk. The question is not where the
blockage is, but how much energy is trapped behind it and how it might be released.

12.2 Progressive nature of blockage development
Blockages are rarely instantaneous events.

They develop progressively through incremental accumulation of material at a restriction.
Early in this process, flow may continue with increasing resistance. Pressure rises gradually,
and output becomes irregular.

This progression explains why early symptoms often precede failure.

Changes in pump tone, pressure trend, vibration, or nozzle behaviour typically occur well
before complete flow arrest. These signals indicate that resistance is increasing faster than
the system can dissipate energy.

Ignoring these signals allows energy accumulation to continue unchecked.

By the time flow stops completely, the system may already contain dangerous levels of
stored energy.
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From an engineering perspective, early intervention is energy control.

Once accumulation has progressed beyond a critical point, safe resolution becomes more
complex and hazardous.

12.3 Role of segregation

Segregation plays a central role in blockage formation.

Under high shear conditions, such as those present at restrictions, paste migrates toward
zones of highest shear while coarse aggregate and fibres concentrate elsewhere. This
concentration creates a mechanically stable plug.

The coarse rich zone interlocks internally and against the hose wall. Paste depletion reduces
lubrication, and friction increases further.

Once formed, additional pressure does not restore flow. Instead, increased pressure

densifies the plug. Inter-particle contact increases, and the structure becomes stronger and
more resistant to movement.

This explains why forcing pressure is ineffective: energy input strengthens the blockage
rather than resolving it.

12.4 Fibre interlock mechanisms

Fibres increase the susceptibility to blockages.

Under normal flow conditions, fibres align longitudinally with the direction of movement. This
alignment reduces resistance and allows the fibres to travel with the material.

However, at restrictions, the behaviour of the fibres changes.

Velocity gradients and directional changes cause fibres to rotate. They then bridge the gaps
between aggregate particles and between the particles and the hose wall.

This bridging creates a reinforcing matrix within the resulting plug.

The plug then behaves like fibre reinforced concrete inside the hose. Its resistance to shear
and compression increases rapidly.

This mechanism explains why fibre reinforced mixes are less forgiving during transient
conditions.

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%SS rssmining.co.za

MINING

Once fibre interlock develops, clearing the blockage requires more than just pressure
reduction. Mechanical disruption becomes necessary, which increases the risk.

12.5 Hydraulic amplification

As the effective cross section reduces at a developing blockage, local velocity increases.
This increase is governed by continuity, as the same volumetric flow must pass through a
smaller area.

Higher velocity raises shear stress at the restriction. Increased shear accelerates
segregation, stripping paste away more aggressively and concentrating coarse particles
further.

This creates a feedback loop: Restriction increases velocity. Velocity increases shear. Shear
increases segregation. Segregation increases restriction.

This explains the rapid escalation once blockage initiates. Systems may appear stable one
moment and fail the next because the feedback loop has crossed a threshold.

12.6 Misleading pressure readings

Pressure gauges reflect average system pressure. They measure pressure at the pump or at
a remote point, not at the blockage itself.

Pressure distribution within a pumping system is not uniform during blockage development.
Localised pressure at the blockage may be significantly higher. Stress concentrates at the
restriction. Downstream sections may see little pressure change. Upstream sections may
store large amounts of elastic energy.

This explains why seemingly moderate gauge readings may precede violent release. The
system may already be critically energised locally even if average readings appear
acceptable.

From an engineering perspective, pressure must be interpreted conservatively during
suspected blockage. Trends and behaviour matter more than absolute values.

12.7 Failure modes following intervention

Sudden opening of the system converts stored pressure into kinetic energy. When a clamp is
loosened, a hose disconnected, or a fitting opened, the stored energy is released rapidly.
Pressure energy becomes motion.

This produces hose whip, projectile discharge, or clamp separation. Material may be ejected
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at high velocity. Hoses may behave unpredictably. Components may fail catastrophically.

Most serious injuries occur during attempted clearing, not during blockage formation. The
blockage itself is rarely the injury mechanism. Human intervention triggers the release. This
distinction is critical for safety training.

12.8 Human response under stress

Under production pressure, operators often attempt to push through resistance. This
response is instinctive, as increased pressure has solved many problems in other contexts.
In pumping systems, however, this is dangerous.

Forcing pressure increases stored energy and strengthens blockages. Similarly, hurried
attempts to clear blockages without controlled depressurisation increase risk dramatically.

Engineering training must override instinct with procedure. Operators must understand that
resistance signals a need to reduce energy input, not increase it. Safe response requires
patience and discipline, not force.

12.9 Energy dissipation strategies

Safe blockage response focuses on controlled energy dissipation. Gradual pressure
reduction allows stored energy to be released as heat and minor deformation rather than as
kinetic motion. This may involve: Reducing pump output to zero, bleeding pressure slowly
through designated points, and allowing material to relax before intervention. This principle
underpins all safe blockage procedures. The objective is to return the system to a low
energy state before physical intervention occurs. Any procedure that does not address
energy first is incomplete.

12.10 Post-blockage system degradation

Blockages damage systems, even when cleared successfully.

Internal abrasion occurs as coarse material is forced against hose walls. Fibre scraping
roughens surfaces, and paste is stripped from the boundary layer.

Roughened surfaces increase future resistance.

Boundary layer formation becomes more difficult. Local friction increases, and the same
location becomes a preferred site for future blockages.

This explains the clustering of blockages in the same hose sections.
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Without inspection and replacement, a system enters a degradation spiral.

Each blockage increases the likelihood of the next.

12.11 Learning from incidents

Blockages provide diagnostic information. They reveal weaknesses in system geometry,
material selection, start up discipline, accelerator strategy, or operator training.

Treating blockages merely as interruptions wastes valuable data.

Post incident review should examine where the blockage initiated, what conditions preceded
it, and how energy was managed. This transforms incidents into learning events.

From an engineering perspective, repeated blockages are not bad luck. They are
unaddressed system deficiencies.

12.12 Engineering reflection

Blockage management represents the intersection of hydraulics, material science, and
human behaviour.

Hydraulics governs energy storage and release. Material science governs segregation and
plug formation. Human behaviour governs response under pressure.

Mastery of this interaction distinguishes mature shotcrete operations.

Such operations prevent blockages through design and control. When blockages occur, they
manage energy deliberately. They learn systematically and improve continuously.

This chapter reinforces a core principle of sprayed concrete engineering:
Blockages are not random; they are predictable energy events.

Understanding and controlling energy, rather than reacting to symptoms, is the foundation of
safe and reliable shotcrete pumping.
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CHAPTER 13

CLEANING, WASHOUT, AND HYDRATION CONTROL

13.1 Hydration as an irreversible process

Cement hydration is a time dependent and irreversible chemical process. Once water reacts
with cement minerals, hydration products form through dissolution, nucleation, and growth
mechanisms that permanently alter the material. These products do not revert to their
original constituents, nor can they be redissolved through mechanical agitation or the later
addition of water.

This irreversibility governs all cleaning requirements in shotcrete systems.

From the moment cement and water come into contact, chemistry proceeds independently
of operational intent. Pump stoppage, delay, or reduced output does not pause hydration.
The system may be static mechanically, but it remains chemically active.

This distinction is fundamental.

Operators often treat time as conditional on activity. Hydration treats time as absolute. The
material continues to evolve regardless of whether pumping resumes or stops. Once
hydration products form at a surface, removal requires mechanical or chemical intervention
rather than flushing alone.

Understanding hydration as irreversible reframes cleaning from housekeeping to engineering
necessity.

13.2 Early hydration and surface deposition

Hydration begins almost immediately after mixing.

Within minutes, calcium silicate phases begin dissolving and and hydration products
nucleate on particle surfaces. These early products are fine, adhesive, and highly reactive.

They exhibit a strong affinity for solid boundaries.

In confined systems, these products preferentially attach to hose walls, pipes, reducers, and
fittings.

Shear gradients and velocity profiles within hoses drive fine particles and hydration products
toward the boundary layer. Even while the bulk concrete remains workable, the wall zone
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experiences accelerated deposition.
This phenomenon explains a common operational misconception.

Concrete may appear fresh and pumpable at the nozzle, while deposits are already forming
internally. External observation therefore underestimates internal chemical progression.

Once surface deposition begins, the hose wall ceases to behave as an inert boundary.

It becomes an active participant in hydration, accumulating material that alters surface
roughness and flow behaviour long before bulk setting is evident.

13.3 Geometry alteration and flow resistance

Hydraulic behaviour in pumping systems is extremely sensitive to internal geometry. Even
small reductions in effective diameter produce disproportionate increases in friction losses. A
reduction of internal diameter by as little as 5 millimetres represents a significant percentage
change in cross sectional area, particularly in smaller diameter hoses.

This change has nonlinear consequences. Flow velocity increases locally. Shear stress at
the wall rises. Boundary layer stability deteriorates. Pressure loss per metre increases
sharply.

These effects compound. What appears to be a minor residue layer produces measurable
resistance increase. Operators experience this as higher pressure, reduced output, or
unstable flow, often without recognising the geometric origin.

This sensitivity explains why seemingly minor residue causes major operational issues. The
system is not tolerant of gradual constriction. It responds abruptly once critical geometric
thresholds are crossed.

13.4 Progressive accumulation mechanisms

Residual material does not remain passive. Once deposits exist, they provide nucleation
sites for further hydration and adhesion. Roughened surfaces trap fines more effectively, and
paste adheres more readily. Each operating cycle compounds previous residue.

This process is incremental but cumulative. A single shift without proper cleaning may
produce negligible performance change; residue thickness is small, and geometry alteration

remains below critical thresholds.

However, accumulation is exponential rather than linear. Each subsequent shift builds on an
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increasingly receptive surface. Effective diameter reduces faster with each cycle, and
boundary layer formation becomes less reliable.

Eventually, a tipping point is reached. At this point, effective diameter reduction crosses
critical limits. Flow instability becomes frequent, and blockages occur repeatedly, often at the
same locations.

The failure appears sudden. In reality, it represents the final stage of a long, unaddressed
accumulation process.

13.5 Interaction with accelerator residues

Accelerators introduce additional chemical complexity into residue formation.

Accelerator solutions contain reactive salts designed to promote rapid hydration. When
accelerator residue remains within hoses or fittings, it does not become inert after use.
Residual accelerator reacts with cement paste during subsequent operations.

This interaction accelerates local hydration at the wall, producing dense, crystalline deposits.
These deposits differ fundamentally from ordinary cement residue. They are harder, more
adherent, and less permeable.

Such deposits resist water-only cleaning. Once formed, they cannot be removed through
flushing. Mechanical scraping or chemical treatment becomes necessary. In severe cases,
component replacement is the only remedy.

This explains why systems with poor accelerator hygiene degrade rapidly. The chemistry of
acceleration magnifies the consequences of deferred cleaning far beyond those seen in
unaccelerated systems.

13.6 Temporal amplification of failure probability

Failure probability increases exponentially with residue accumulation.

The first missed cleaning often has little visible effect. Performance remains acceptable. The
system appears forgiving.

The second missed cleaning increases resistance measurably. Pressure rises slightly. Flow
feels less smooth. Operators compensate subconsciously through output or air adjustment.

By the third occurrence, the system often reaches instability. Blockages become frequent.
Clearing becomes hazardous. Intervention becomes reactive rather than preventive.

This delayed manifestation leads to misattribution of cause. Failures are blamed on the most
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recent batch, temperature, or operator action. The true cause lies in accumulated history
rather than immediate conditions.

From an engineering perspective, this is a classic delayed failure mechanism. Cause and
effect are separated in time, obscuring diagnosis and encouraging ineffective corrective
actions.

13.7 Human behaviour and deferred maintenance

Cleaning is frequently shortened due to fatigue or production pressure.

At the end of a shift, the incentive is to finish quickly. The system appears to have performed
adequately, and residue is invisible. The cost of incomplete cleaning is deferred.

This behaviour trades immediate convenience for future risk.

Academic studies of maintenance systems across industries show this pattern repeatedly:
tasks with delayed consequences are systematically deprioritised unless strongly reinforced
by culture and procedure.

Shotcrete operations are particularly vulnerable.

The chemical progression is invisible, performance degradation is gradual, and the link
between cause and failure is indirect.

Without deliberate discipline, deferred cleaning becomes normalised.

13.8 Cleaning as a control system

Cleaning functions as a reset mechanism. It restores baseline geometry, removes reactive
material, and returns the hydraulic system to its designed state. In effect, cleaning resets the
time dependent evolution of the system.

Without this reset, system drift occurs. Geometry slowly changes. Resistance increases.
Operating margins shrink. Eventually, design assumptions no longer apply.

From an engineering standpoint, cleaning is not auxiliary. It is a control system that

maintains boundary conditions assumed in design calculations. Ignoring this role transforms
a deterministic system into a probabilistic one.
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13.9 Maintenance versus cleaning

Cleaning and maintenance address different states of material. Cleaning removes fresh or
early age material before hydration products fully mature. It is preventive in nature and low
risk. Maintenance addresses hardened deposits.

Once residue has matured, cleaning alone is ineffective. Mechanical removal, chemical
treatment, or component replacement becomes necessary. These interventions are costly,
time consuming, and hazardous. Confusing the two leads to ineffective interventions.
Attempting to clean hardened deposits with water wastes effort and creates false assurance.
Delaying action until maintenance is required dramatically increases risk and cost.
Preventive cleaning is always preferable to corrective maintenance. This is not an
operational preference. It is a consequence of irreversible chemistry.

13.10 Long-term reliability implications

Equipment reliability correlates strongly with cleaning discipline.

Operations that enforce rigorous washout practices demonstrate lower pressure variability,
fewer blockages, reduced hose failure, and longer component life. This correlation is
consistent; it appears across equipment types, mix designs, and operating environments.
Cleaning discipline stabilises the system by preventing geometric drift and chemical
accumulation.

Conversely, poor cleaning discipline guarantees degradation. Even well-designed systems
will fail predictably if residue accumulation is allowed to proceed unchecked.

Reliability is therefore not an inherent property of equipment. It is an emergent property of
time control.

13.11 Engineering interpretation

Cleaning should be regarded as part of the hydraulic system design. Design calculations
assume clean internal geometry, stable boundary layers, and predictable friction losses.
These assumptions are invalid once residue accumulates.

If cleaning is absent or inconsistent, the system being operated is no longer the system that
was designed. From an engineering perspective, this invalidates design intent.

Pressure limits, output expectations, and safety margins lose meaning when geometry is
allowed to drift. Thus, cleaning is not optional. It is a structural requirement of the system.

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%SS rssmining.co.za

MINING

13.12 Concluding reflection

In shotcrete engineering, time is an active variable. It alters chemistry, geometry, and
behaviour continuously. Unlike mechanical parameters, time cannot be paused or reversed.

Cleaning is the only means of controlling its effects. It is the mechanism by which irreversible
chemical processes are arrested before they compromise system function.

This chapter reinforces a central principle of sprayed concrete engineering: what is not
controlled accumulates. And in cementitious systems, accumulation is always structural.

CHAPTER 14

MAINTENANCE SYSTEMS AND RELIABILITY ENGINEERING

14.1 Reliability as an engineering objective

Reliability engineering prioritises consistency of performance over peak capability.

In many engineering systems, design attention is drawn toward maximum output, ultimate
strength, or nominal capacity. While these parameters define theoretical limits, they are not
the primary determinants of safe or effective operation. Reliability engineering instead
focuses on whether a system performs predictably within its intended envelope over time.

In shotcrete systems, reliability governs safety and quality more strongly than nominal
capacity.

A pump capable of high output is of little value if its behaviour varies unpredictably from shift
to shift. Similarly, a system that occasionally performs exceptionally well but frequently
degrades exposes operators to conditions they cannot anticipate or control.

Unreliable systems externalise risk.

They shift variability onto human operators, who must compensate through judgement,
force, or improvisation. This compensation is inherently limited and error prone. Reliability,
therefore, is not a convenience. It is a primary safety objective.

14.2 Gradual degradation and failure perception

Most mechanical systems do not fail suddenly; they degrade progressively through wear,
abrasion, fatigue, and the accumulation of minor defects. Performance loss occurs
incrementally, often below the threshold of immediate detection.

Human perception is poorly suited to recognising slow change. Operators adapt
unconsciously to gradual degradation. Small increases in pressure, vibration, or resistance
are normalised over time, and behaviour adjusts to compensate, masking the underlying
decline.
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This mismatch between system behaviour and human perception is critical. By the time
failure becomes obvious, operational margins are already exhausted. What appears to be a
sudden breakdown is often the final manifestation of long-standing degradation.

In shotcrete systems, this dynamic is particularly pronounced. The system continues to
function while becoming progressively less forgiving. Eventually, a minor disturbance triggers
catastrophic failure.

14.3 Abrasion as the dominant degradation mechanism

Shotcrete systems operate in an exceptionally abrasive environment. Aggregate particles
are angular and hard. Fibre reinforcement introduces additional contact points. Material is
transported at high velocity through confined geometry. These conditions accelerate wear.

Abrasion acts continuously on hoses, pipes, elbows, reducers, and pump components.
Material removal is gradual but relentless. Abrasion alters internal geometry long before
structural failure occurs.

Wall roughness increases. Diameter reduces locally. Flow becomes less stable. Boundary
layer formation becomes more difficult. These changes are invisible externally.

Equipment may appear intact while hydraulic behaviour has already deviated significantly
from design assumptions.

14.4 Performance drift and feedback loops

As internal geometry changes due to abrasion, flow resistance increases. Operators
experience this as higher pressure requirements or reduced output. The immediate
response is often to increase pump pressure or air.

This response initiates a positive feedback loop. Higher pressure increases material velocity
and wall stress. Abrasion accelerates. Geometry degrades more rapidly. Resistance
increases further. Each compensation step amplifies degradation.

Without intervention, this loop drives the system toward inevitable failure. The system
becomes increasingly sensitive, less stable, and more dangerous to operate. From an
engineering perspective, this is a classic uncontrolled feedback mechanism.

Left unbroken, it guarantees eventual breakdown.

14.5 Maintenance as drift control

Maintenance functions as a mechanism for interrupting degradation loops. By replacing worn
components, restoring internal geometry, and removing accumulated damage, maintenance
resets system behaviour closer to its original design condition.
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In this sense, maintenance is not repair. It is drift control. It prevents gradual deviation from
becoming embedded and self reinforcing. It restores predictability rather than simply
restoring function.
Without maintenance, degradation becomes structural. With maintenance, degradation
remains bounded.

14.6 Predictive versus preventive maintenance

Preventive maintenance relies on predefined intervals. Components are serviced or replaced
based on time or usage assumptions. This approach assumes relatively uniform operating
conditions.

Shotcrete systems rarely operate uniformly. Material properties, output rates, geometry,
temperature, and operator behaviour vary widely. Under these conditions, interval based
maintenance is inefficient.

Predictive maintenance relies on behaviour. Pressure trends, output stability, vibration, and
blockage frequency provide real time indicators of system condition. These indicators reflect
actual wear rather than assumed wear.

In shotcrete systems, behaviour based maintenance is therefore more effective. It aligns
intervention with need rather than schedule.

14.7 Human factors in maintenance compliance

Maintenance often competes directly with production priorities. Short-term incentives favour
continued operation; downtime carries a visible cost, while degradation carries a delayed
cost. This asymmetry biases decision-making. Deferring maintenance appears rational in the
moment, even though it increases long-term risk.

Effective systems institutionalise maintenance. They remove discretion where consequences
are delayed. Maintenance triggers are predefined. Authority to intervene is protected.
Production pressure does not override mechanical reality. Without this institutional support,
maintenance becomes optional in practice, regardless of policy.

14.8 Data-driven reliability assessment

Recording system behaviour enables reliability analysis.

Pressure histories, output variability, start-up performance, and blockage events form a
behavioural fingerprint of the system. When this data is tracked over time, trends emerge.

Degradation can be identified before failure, and maintenance can be scheduled proactively.
Root causes can be distinguished from symptoms.
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This transforms maintenance from reactive to analytical. The system is no longer managed
by anecdote or intuition alone; it is managed by evidence.

14.9 Interaction between maintenance and training

Equipment condition influences cognitive load. Well-maintained systems behave predictably,
allowing operators to focus on application quality and situational awareness.

Poorly maintained systems require constant compensation. Operators must adjust output,
technique, and attention to manage instability. This increases fatigue and reduces the
capacity to detect abnormal conditions. Error probability rises accordingly.

Thus, maintenance indirectly governs human performance. Reliability reduces cognitive
burden, while degradation transfers system complexity to the operator.

14.10 Long-term system behaviour

Operations with a strong maintenance culture exhibit stable performance across crews and
time, which reduces variability. Outcomes are repeatable, and training transfers effectively
because system behaviour is consistent.

Conversely, operations without maintenance discipline exhibit high variability. Performance
depends on individual skill, failures cluster unpredictably, and learning is difficult because
conditions are never the same twice.

Variability is the enemy of safety, defeating both procedure and judgement.

14.11 Engineering implication

Maintenance must be considered part of the engineered system.

Design calculations assume specific geometry, friction characteristics, and response
behaviour. These assumptions hold only if the system is maintained within defined bounds.
Ignoring maintenance invalidates design intent.

The system being operated is no longer the system that was engineered. From an
engineering perspective, this is unacceptable.
Maintenance is not an operational afterthought; it is a design requirement.

14.12 Concluding reflection

Shotcrete reliability does not arise from exceptional effort. It arises from systematic discipline
applied consistently over time.
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Maintenance is the mechanism by which this discipline is preserved. It controls drift, limits
variability, and protects both equipment and people. Without it, even the best designed
systems degrade into unpredictability.

This chapter reinforces a central theme of sprayed concrete engineering: Reliability is
engineered, and maintenance is how that engineering is sustained.
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CHAPTER 15

DOCUMENTATION, AUDITING, AND COMPLIANCE CONTROL

15.1 Documentation as knowledge stabilisation

Engineering knowledge is inherently perishable. When knowledge resides primarily in
individual experience, it degrades through staff turnover, role changes, fatigue, and memory
decay. Even in stable teams, informal knowledge drifts as practices adapt incrementally
without conscious reflection.

Documentation stabilises knowledge across personnel changes and time. By recording
decisions, observations, deviations, and outcomes, documentation converts tacit
understanding into explicit reference. This stabilisation prevents regression to earlier
mistakes and reduces dependence on individual memory or personality.

In this sense, documentation functions as institutional memory. It allows an organisation to
retain understanding beyond the tenure of any single engineer, operator, or supervisor.
Where documentation is absent, learning is repeatedly lost and rediscovered at high cost.

15.2 The relationship between practice and record

Practice without record cannot be analyzed. Actions taken in the field, however skillful, leave
no trace without documentation. Without a record, there is no basis for understanding why
outcomes occurred or how conditions differed between success and failure.

Record without practice is equally meaningless. Documentation that is detached from actual
operations becomes ceremonial. It reflects intent rather than reality and provides no insight
into system behavior.

Engineering control requires alignment between the two. Records must describe what was
actually done, under what conditions, and with what result. Practice must be sufficiently
disciplined to be recordable. When this alignment exists, operations become intelligible
rather than anecdotal.

15.3 Documentation as a feedback mechanism
Documentation enables feedback.
By comparing expected behaviour with observed outcomes, engineers can evaluate whether

design assumptions, procedures, and controls remain valid under real conditions. This
feedback supports continuous improvement.
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Deviations become visible. Patterns emerge. Adjustments can be made deliberately rather
than reactively.

Without feedback, systems stagnate. The same errors recur under slightly different
circumstances. Improvements rely on individual recollection rather than organisational
learning. Over time, performance plateaus or degrades despite effort.
Documentation closes this loop. It converts experience into evidence.

15.4 Auditing as system verification

Auditing verifies whether systems function as designed.

Unlike inspection, which focuses on isolated outcomes, auditing evaluates consistency over
time. It examines whether procedures are followed, whether deviations are recognised, and
whether corrective actions are taken.

Audits assess both technical compliance and behavioural consistency.

They reveal whether controls exist only on paper or are embedded in daily practice. They
identify gaps between formal systems and operational reality.

Auditing transforms standards from aspiration into reality.
Without audit, standards remain theoretical. With audit, they become enforceable constraints
that shape behaviour.

15.5 Data aggregation and trend recognition

Individual records offer limited insight. A single pressure log, maintenance entry, or incident
report describes only a moment, and its significance may be unclear in isolation.

Aggregated data reveals patterns. When records are examined collectively, trends become
visible. Gradual pressure increase, recurring blockages at specific locations, or repeated
deviations under similar conditions emerge clearly.

Patterns identify emerging risks before incidents occur. This predictive capability is central to
modern engineering control, allowing intervention while consequences remain manageable
rather than catastrophic.

15.6 Human factors and documentation fatigue

Documentation is often resisted because it is perceived as a burden.

When recording systems are poorly designed, they compete with operational attention. They
are seen as administrative rather than protective.
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Simplified systems often lose effectiveness.

Over-reduction removes context, nuance, and causality. Records become superficial and
incapable of supporting analysis.

The challenge lies in design.

Documentation systems must support work rather than obstruct it. They must capture what
matters without demanding excessive effort. Achieving this balance is an engineering task,
not an administrative one.

15.7 Documentation and accountability

Clear records establish accountability. They link decisions to individuals, conditions, and
outcomes, which encourages deliberation and care.

Accountability improves behaviour. When actions are recorded, shortcuts are less likely.
Deviations are more likely to be justified and discussed rather than hidden.

Ambiguity weakens discipline. When records are vague or absent, responsibility diffuses.
Errors are attributed to circumstance rather than decision, and learning is lost.
Documentation therefore underpins professional responsibility.

15.8 Legal, ethical, and professional implications

Engineering decisions carry ethical responsibility, affecting safety, reliability, and public trust.
When outcomes are questioned, intent and diligence must be demonstrable.

Documentation demonstrates professional intent and diligence. It shows that risks were
considered, controls were applied, and decisions were made consciously rather than
negligently.

In its absence, judgement cannot be demonstrated. Even competent decisions become
indefensible if no record exists, exposing individuals and organisations to legal and
reputational risk.

15.9 Institutional learning

Organisations that document learn. They accumulate insight. They refine systems. They
improve predictably.

Those that do not document repeat failures. Each incident is treated as isolated. Root
causes are forgotten. The same mechanisms reappear under new labels.

info@rssmining.co.za rssmining.co.za



mailto:info@rssmining.co.za
http://rssmining.co.za

%SS rssmining.co.za

MINING

This distinction explains variability in safety performance across operations. Learning
organisations reduce risk over time. Others oscillate between crisis and complacency.

15.10 Documentation in training systems

Training derived from real operational records remains relevant. It reflects actual conditions,
real constraints, and observed failure modes. Trainees learn not only what to do, but why.

Generic training loses context. Abstract procedures lack credibility when they diverge from
lived experience. Operators disengage and improvise.

Documentation links training to reality. It grounds instruction in evidence and reinforces its
legitimacy.

15.11 Governance and engineering maturity

Advanced engineering systems exhibit strong governance. Decisions are traceable.
Deviations are managed. Authority and responsibility are clear.

Documentation forms the backbone of governance. It connects intent to execution and
execution to review. Without documentation, governance collapses into personality driven
control.

Engineering maturity is therefore inseparable from record keeping.

15.12 Concluding reflection

Engineering control does not end at execution. Execution creates outcomes, and
documentation preserves the understanding of how those outcomes arose.

Where documentation is strong, control persists beyond the moment of action. Conversely,
where documentation is weak, control is temporary and fragile.

This chapter reinforces a central conclusion of the manual: Engineering is not only what is
built or done, but also what is remembered, analysed, and improved.
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