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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out

through

ISO technical committees. Each member body interested in a subject for which a technical

committee has been established has the right to be represented on that committee. International

organiza

tions, governmental and non-governmental, in liaison with ISO, also take part in the work.

ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

Internatlonal Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Partp.
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Attention is drawn to the possibility that.some of the elements of this document may be the subject pf
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ISO/TS
Subcomr

ISO 1599
control s]

— Performance critéria’and tests for functional safety

— Part

[SO 1599

h task of technical committees is to prepare International Standards. Draft Internationpl
s adopted by the technical committees are circulated to the member bodies for voting.
on as an International Standard requires approval by at least 75 % of the thember bodig¢s
vote.

circumstances, particularly when there is an urgent market requirementfor such documents,a
committee may decide to publish other types of document:

50 Publicly Available Specification (ISO/PAS) represents an agreement between technicpl
rts in an ISO working group and is accepted for publication if itissapproved by more than 50 {0
e members of the parent committee casting a vote;

50 Technical Specification (ISO/TS) represents an agreement between the members of|a
hical committee and is accepted for publication if itissapproved by 2/3 of the members of the
mittee casting a vote.

AS or ISO/TS is reviewed after three years in erder to decide whether it will be confirmed for

three years, revised to become an International Standard, or withdrawn. If the ISO/PAS j;r
5 confirmed, it is reviewed again after a further three years, at which time it must either be
med into an International Standard or bewithdrawn.

phts. ISO shall not be held responsible for identifying any or all such patent rights.

15998-2 was prepared /by Technical Committee ISO/TC 127, Earth-moving machineny,
hittee SC 3, Machine charuacteristics, electrical and electronic systems, operation and maintenande.

8 consists of the fellowing parts, under the general title Earth-moving machinery — Machine
bstems (MCS) usingélectronic components:

2: Use and application of 1SO 15998 [Technical Specification]

8:2008, Performance criteria and tests for functional safety, is to become Part 1.
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Introduction

The complexity inherent in electronic controls standards makes it difficult to determine even the basic
levels of safety requirements. This part of ISO 15998 has been developed to assist the user of ISO 15998
by defining common earth-moving machinery features and possible failure modes with the reasonable
and consistent levels of safety requirements. It will help the user to know that others will be adopting
similar requirements for similar hazardous conditions.

While the first part of ISO 15998 and its reference documents are written in the abstract, this Technical
Specification outlines processes 1N a way that relate directly to earth-moving machinery. Lhiough its
nmultiple examples, the user can more easily determine how to apply ISO 15998 to the different types of
earth-moving machine.

© IS0 2012 - All rights reserved v
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TECHNICAL SPECIFICATION ISO/TS 15998-2:2012(E)

Earth-moving machinery — Machine control systems
(MCS) using electronic components —

Part 2:

se and application of ISO 15998

Scope

[ functional safety for electronic machine control systems (MCS), used on edrth-moving m

1
This part of ISO 15998 assists in the interpretation and application of the performatice criteria
0
glven in the first part of ISO 15998, by

— illustrating an alternative method of hazard assessment,
— providing information and application examples to illustrate conipliance with ISO 15998,

— clarifyingdefinitions, requirements and application of ISO 15998, in addressing the risk ofh
machine movements by safety-related MCS, and

— providing guidance on the use and relationship of the normative references cited in the {
of ISO 15998.

Electronic MCS are those control systems that directly affect machine motion, i.e. propulsion (
njotion), braking, steering, attachments and working tool control systems. ISO 15998 is app
the mechanical failures of switches, sensors;aiid other electronic devices and to the mechanic
of solenoid valves such as sticking caused by debris (electronic fault monitoring of the solen
fynction can be used if the risk assessment determines it is necessary).

Systems and ESAs (electrical/electronic subassemblies) that are ancillary to machine oper3
wihich do not alter machine control — such as monitors, alarms, gauges, lights and wipers, a
those portions of systems thatprovide feedback to the operator — are outside the scope of ISO
‘e purely hydraulic, pneumatic and/or mechanical MCS not using electronic/electric compon
nlechanical failures such as broken axles, purely mechanical valves, tyres and similar.

o)

2| Normative references

The following-documents, in whole or in part, are normatively referenced in this document
ridispensable for its application. For dated references, only the edition cited applies. For
re¢ferences, the latest edition of the referenced document (including any amendments) applies.

—

hnd tests
hchinery,

hzardous

irst part

powered
icable to
h] failure
bid valve

tion and
s well as
15998, as
bnts, and

and are
undated

p—

4013766, Earth-moving machinery — Electromagnetic compatibility

ISO 13849-1:2006, Safety of machinery — Safety related parts of control systems. Corrected by

ISO 13849-1:2006/Cor 1:2009

IS0 15998:2008, Earth-moving machinery — Machine-control systems (MCS) using electronic components

— Performance criteria and tests for functional safety!)

1) To become ISO 15998-1.

© IS0 2012 - All rights reserved
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3 Terms and definitions

For the purposes of this document, the terms, definitions and abbreviations given in the first part of
ISO 15998 and the following apply.

31

base machine

machine with a cab or canopy and operator-protective structures if required, without equipment or
attachments but possessing the necessary mounting for such equipment and attachments

[SOURCHTSU 6016.]

3.2
equipmeént
set of cojmponents mounted onto the base machine that allows an attachment to perform-the primary
design fynction of the machine

[SOURCH: ISO 6016.]

3.3
attachmlent
assembly of components that can be mounted onto the base machine or equipment for specific use

[SOURCH: ISO 6016.]

3.4
safety injtegrity level
SIL
discrete [level (one out of a possible three), corresponding.fo a range of safety integrity values, where
safety infegrity level 3 has the highest level of safety integrity and safety integrity level 1 has the lowept

12l

[SOURCH: IEC 61508-4:2010, 3.5.8, modified.]
NOTE 1 | The target failure measures (see Table 1).

NOTE 2 | Safety integrity levels are used forspecifying the safety integrity requirements of the safety functions
to be allo¢ated to the electrical/electronic/programmable electronic system safety-related systems.

NOTE 3 | SIL is not a property of a system, subsystem, element or component. The correct interpretation of tie
phrase “S[L n safety-related system (where n is 1, 2, or 3)” is that the system is potentially capable of supporting
safety furjctions with a safety infegrity level up to n.

NOTE 4 | SIL is most usefal-for manufacturers applying IEC 61508 or the risk graph presented in the first pajt
of ISO 15998.

NOTE5 | SIL 4 is netised for EMMs (earth-moving machines).

NOTE 6 | SIL ©.designates either “No requirement” or “No special safety requirement”. See Table 1 and Figure|l.

3.5
performance level

PL

discrete level used to specify the ability of safety-related parts of control systems to perform a safety
function under foreseeable conditions

[SOURCE: ISO 13849-1:2006, 3.1.23.]
NOTE1 PLis most useful for manufacturers using ISO 13849.

NOTE 2 See Table 1.

2 © IS0 2012 - All rights reserved
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3.6

required performance level

PL;

performance level (PL) applied in order to achieve the required risk reduction for each safety function
SEE: Figures 1 and A.1

[SOURCE: ISO 13849-1:2006, 3.1.24.]

3.7
electrical/electronic subassembly

EFA

electrical and/or electronic components or set of components intended to be part of an earthi-moving
nmlachine, together with any associated electrical connections and wiring, which performsiond or more
pecialized functions

%)

[JOURCE: ISO 13766:2006, 3.10.]

3|8
functional safety
partofthe overall safety that depends on a system or equipment operating.correctly in response to jts inputs

[EC/TR 61508-0, 3.1]

NPTE1 For example, an overtemperature protection device, using a thermal sensor in the windings of an
electric motor to de-energize the motor before it can overheat, isian‘instance of functional safety. But providing
specialized insulation to withstand high temperatures is not alinstance of functional safety (although it is still
anm instance of safety and could protect against exactly the sahie hazard).

NPTE 2  Neither safety nor functional safety can be determined without considering the systems ajs a whole
and the environment with which they interact.

319
safety-related part of a control system
SRP/CS

part of a control system that respofids to safety-related input signals and generates safety-related
ofitput signals

—

JOURCE: ISO 13849-1:2006,:3:t.1, modified.]

NPTE The combined safety-related parts of a control system start at the point where the safety-related input
signals are initiated (including, for example, the actuating cam and the roller of the position switch) and end at the
ofitput of the power control elements (including, for example, the main contacts of a contactor).

3|10
achine control system
CS
system which responds to input signals from parts of machine elements, operators, externdl control
efuipment or any combination of these and generates output signals causing the machine to hehave in
theiintended manner

[SOURCE: ISO 13849-1:2006, 3.1.32.]

NOTE The machine control system can use any technology or any combination of different technologies (e.g.
electrical/electronic, hydraulic, pneumatic, mechanical).

3.11
diagnostic time interval
interval between on-line tests to detect faults in the SRP/MCS

3.12
fault reaction time
time to perform the specified action to achieve or maintain a safe state

© IS0 2012 - All rights reserved 3
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3.13

high/continuous mode

mode of operation where the frequency of demands for operation on a SRP/MCS is greater than one per
year or greater than twice the frequency of the self-checking feature of the control system

3.14

process safety time

period of time between a failure occurring in the SRP/MCS and the occurrence of the hazardous event if
the safety function is not performed

4 General

4.1 Other controls standards

Itis strorjgly recommended thatthe user of ISO 15998 use atleast one of the controls standards referencgd
in this pprt of ISO 15998. In particular, IEC 61508-1 or ISO 13849-1 provide generalinformation ard
theory oh electronic control system safety:

— IEC $1508-1:2010, Figure 1, outlines a process for using the IEC 61508 standards to ensure contrpl
system safety.

— IS0 13849-1:2006, Figure 1, presents an alternative flow diagramfor-demonstrating control system
safety. Figure 3 shows risk reduction methods (which are further explained in Annex A of thijs
docyment) for determining both SILs and PLrs.

See Anngx B for guidance on creating the safety concept.

Manufacfurers may also follow ISO 26262 (road vehicles)0r1SO 25119 (agricultural machinery), making
approprifate modifications to account for differences with earth-moving machinery. This allowance is fo
help in the transfer of technology across different industries. Manufacturers should follow one methqd
completgly as practical, except they may substitute or add appropriate clauses of I[EC 61508.

4.2 Rigk assessments (see 4.4 of thefirst part of ISO 15998)

4.2.1 SILs and PLs

Users hale the option of following SIL methods such as those found in IEC 61508-5 and ISO 15998, ¢r
PL meth¢ds including those found in ISO 13849-1, ISO 25119-2 and ISO 26262-3. Regardless of whethér
a SIL or PL methodology is\chosen, the failure rates for high/continuous demand mode operations shgll
demonstjrate the appropriate level of safety summarized in Table 1.

NOTE 1 | Table 1 istfor high/continuous demand mode of operation systems. Low demand failure rates ate
also provjded in IEC)61508-1:2010, Clause 7, and Table 2. An explanation on how to use Table 1 is provided |n
IEC 61508-1:2010;-€lause 7, and I1SO 13849-1:2006, 4.5.

NOTE 2 | SH.4isnotused for the machines covered by this part of ISO 15998, as itis nota reasonable assessmept

Mol CI11 4 i 3 rS
Of an EMI"I CUTTave a OoTE T Sy STCTIT T CUTT CTITCTTC
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Table 1 — SIL/PL cross-reference table

Average probability of dangerous failure Average probability of dangerous failure
SIL PLr
per hour (1/h) per hour (1/h)
— No safety requirement — No safety requirement
— No special safety requirements a >10-5to < 10-4
1 b >3 x10-6to < 10-5
>10-6to < 10-5
C >10-6to<3x10-6
2 >107T0< 100 a S107T0< 1070
>10-8to < 10-7 e >10-8to <107
4 Not used for EMM — Not applicable

412.2 Risk assessment variations

Because the referenced risk assessment tools are intended as general guidance on determinirg SILs, it
idacceptable and sometimes necessary to adjust risk assessments such as.those modifications shown in
Flgure 1 to achieve a more straightforward correspondence between the reference methods ufed.
Because of complexity in using the W factor as per Annex A of thefirst part of ISO 15998, |[it is also
agceptable to assume the W factor is always equal to W5.
NPTE1 “®” designates either “No requirement” or “No special safety requirement”.
NPTE2  (C4inISO 15998:2008, Annex A is not applicable to' EMMs, as the probability of EMM involventent in the
dé¢ath of large number of people is negligible.
FL, SIL
F1
S1IC 8 °
— P1
F2 "
M P2
" b
P1
1 L
F R ’
FZ
1——»f 8202 e
" P1
F2 >
" P2
o 2
-
F1 "
. " P2
S3ICI .
. & 3
FZ
Figure 1 — Risk graph
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4.2.3 Reconciling different methods

Regardless of the method used, SIL, PL;, or equivalent, the failure rates provided in Table 1 shall be used
for high/continuous demand systems. Minor adjustments may be made when failure rates do not exactly
match those from other standards. Generic SILs/PLs have been established for certain machine control
systems and summarized in Annex A. A risk assessment should be completed in order to specify the
SIL/PL; or similar safety requirements for the specific safety function. When risk assessment results
vary significantly from the generic SILs, the user of ISO 15998 should examine them carefully to ensure
that proper assumptions were made.

5 Add
For ISO 1
No addit

6 Doc

Table B.]

safety cqncept in a single spreadsheet for the purposes of organizing the documentation.

7 Tes

The test
machine
board le
Consider
testing, ¢

itional guidance for safety-related machine-control systems
5998:2008, 5.2, see Annex E for guidance.

onal guidance is given for the remainder of Clause 5 of the first part of ISO 15998,

umentation

(see Annex B) provides a method to summarizing the risk assessment, risk reduction arg

[ for safety-related MCS

ng of hardware required per Clause 7 of the first partof ISO 15998, may be conducted at t
level, system level, sensor level, switch level, harness’level or solenoid level, or at the circu
Fel or similar, depending upon which is most practical or preferred by the user of ISO 1599
ation shall be made for how machine level affects the electrical system for the environment
.g. temperature in the engine compartmentgrigid and soft mounting, and so on.

Documelrltation from suppliers regarding perforfmance of components is acceptable, in the absence

confirmi

g testing by the OEM.

d
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it
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Annex A
(informative)

Guidelines for risk assessment

A.1 General risk assessments similar to ISO 13849-1 assessments

The ISO 13849-1 method described in this annex provides guidance in determinifig-the

agsessment methodologies, see Annex A of the first part of ISO 15998, ISO/TR 14321-2, ISO
140 26262-3 or IEC 61508-5.

The hazard analysis should only consider reasonably foreseeable scenarios-For example, a ste¢
dpzer on the highway should not be evaluated (unless the intent is tg\meet some unique

re¢quirement). Simply state that it is normally illegal to use a steel tracked dozer on the highway
of the severe road damage that would result. Each reasonable foreseedble scenario should be as
tgrms of the operator and a bystander’s severity of injury, frequency‘and possibility of avoiding th

Al1.1 Use of risk graphs

The initial determination of the risk parameters is made'without the consideration of any M
safety feature integrated in the MCS to analyse the risk solely on the associated hazard. A
ghidance on how to perform arisk assessment is inchuded in the risk parameters instructions b¢
risk assessment initially assumes failure modes\exist, which will cause hazardous machine b
Means for mitigating those hazards are considered later in the process.

Al1.2 Severity of injury — S1, S2 and S3

Severity has 3 levels: S1 (slight =~ normally reversible injury), S2 (serious — normally irr
iffjury or single death) and S3 (catastrophic — multiple fatalities). When selecting a severity |
hpzard, select the level that would result from the worst credible outcome of the hazard rather
wjorst conceivable outcome, as this could always result in an S3. When selecting a level, also 19
ithmediate result withoutadditional conditions to be present for the consequence to occur. For
ohe could imagine atracked dozer steering right uncommanded and hitting a gas pipe line, e
ahd causing multiple fatalities among bystanders. This scenario relies on many conditions to b
and is not a credible outcome of the uncommanded steering hazard. To make a decision, {
codnsequencesif-accidents and normal healing processes should be taken into account in det
S1 and S2,Fer example, bruising and/or lacerations without complications would be classifi
whereas.amputation or death would be S2.

S8 is"equivalent to C3 according to the first part of ISO 15998. This severity/consequence is d

PL; and

corresponding SIL associated with specific EMM forms and their SRP/MCS. For examples of gther risk

25119-2,

| tracked
fustomer
because
sessed in
e hazard.

LS or any
dditional
tlow. The
thaviour.

bversible
bvel for a
than the
ok at the
nstance,
xploding
b present
he usual
brmining
ed as S1,

bfined as

the“death of several people”

Another condition to consider is whether or not the EMM will be operating in traffic on public roads, a
credible scenario that could result in multiple deaths (S3), whereas hazards associated with operation
at a confined construction site may be one (1) level less severe (S2). When used off-road, machines are
exposed to far less vehicular traffic. Therefore, machines prohibited from on-road use can reduce the
severity level by one (1), compared to a similar roadable version, with respect to loss of steering or

braking functionality and the associated risks of collisions with vehicular traffic.

EXAMPLE A 4WD loader that is used on-road might have a S3 for a complete loss of steering. If
similar loader, but it is too large for use onroad, then a lower severity level S2 might be specified for the
of steering condition.

© IS0 2012 - All rights reserved
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Smaller machines, due to their smaller mass, impart lower forces during collision. Therefore, a compact

machine’

compare

s severity level relative to bystanders and vehicular traffic could be lowered by 1, when
d to a larger version in the same conditions.

A.1.3 Frequency and/or exposure times to hazard (F; and F?)

A percent time of exposure can be difficult to determine when selecting between F1 and Fp. However, the
following explanation could facilitate making the right decision where doubt exists.

F7 should be selected if a person is frequently or continuously exposed to the hazard i.e. 2 10 % of the

time. It is irrelevant whether the same or different persons are exposed to the hazard on successiye
exposurgs, e.g. for the use of lifts. The frequency parameter should be chosen according to the frequengy
and durdtion of access to the hazard.

Where tlhe demand on the safety function is known by the designer, the frequency and dupation of thjs

demand
frequeng

The peri
be seen

necessar
move wd
should b

In case d
exposurs

EXAMPLJ
than 10 9

EXAMPLJ
time, so t

A14 K

When a hazardous situation occurs, P1 should only be selected if there is a realistic chance of avoiding

an accid
avoiding

EXAMPLJ

stop the 1pachine so the possibility level would drop to P1. Lesson: when including external sources as a mea

of avoidin
case, as |
then dro

[t is impq
an accidg

can be chosen instead of the frequency and duration of access to the hazard. Inthis annex, the
y of demand on the safety function is assumed to be more than once per yeaf:

bd of exposure to the hazard should be evaluated on the basis of an average value which cgn
n relation to the total period of time over which the equipment is used. For example, if it fis
y to have workers in close proximity to the EMM during cyclic opg€ration in order to feed and
rk pieces, then F; should be selected. If exposure is only required from time to time, then |
e selected.

N

f no other justification F, should be chosen if the frequeney is higher than once per hour ¢r
 to the hazard more than 10 % of the time.

1  Operating near the edge of a cliff: the operator iss-most likely exposed to the edge of the cliff legs
of the time so the frequency level would be Fi.

2 If operation is grading, and the steering system fails, for a motor grader this occurs most of the
e frequency level would be F».

lossibility of avoiding the hazard-(P1 and P)

ent or significantly reducingiits effect; P2 should be selected if there is almost no chance pf
the hazard.

Lo
s
g a hazard, it needs'to’be ensured that the design is independent of the system being evaluated. In this
ng as the implement controls are independent from the braking system (i.e. no shared components),
ping the bucketsufficiently mitigates the hazard risk.

A full loss of brakes on a wheel loader can initially appear to be P;. A bucket could be lowered

rtant te know whether a hazardous situation can be recognized and avoided before leading {o

by its ph
aspects

ent. Fer'example, an important consideration is whether the hazard can be directly identifigd
sical‘characteristics, or recognized only by technical means, e.g. indicators. Other important
hich influence the selection of parameter P include

— operation with or without jobsite supervision,

— operation by experts or non-professionals,

— speed with which the hazard arises (e.g. quickly or slowly),

— poss

ibilities for hazard avoidance (e.g. by escaping), and

— practical safety experiences relating to the process.

The “possibility of avoiding” should not take into account design architecture to address the safety

function

being analysed: i.e. if analysing risks surrounding an electronic steering system, the design

© ISO 2012 - All rights reserved
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architecture of the electronic steering system cannot contribute to the possibility of avoiding the hazard
but other independent systems (such as brakes or mechanical steering system) can.

Figure A.1 provides an example of a risk graph used to determine the required PL; for various scenarios
using the hazard analysis parameters for severity, frequency and/or exposure time and possibility of
avoiding the hazard. The graph (or the alternative risk graph mentioned in 4.1.2) should be used for assessing
all reasonably foreseeable scenarios for each safety function. The risk assessment method is based on
ISO/TR 14121-2 (see also ISO 13849-1:2006, Annex A) and should be used in accordance with ISO 12100.

PL, gL
F1
S1/Ct 18 | °
—, P1
F2 g
YR
b
P1
F1 . v ’
P2
1——{ S22 N ¢
> P1
F2 >
N7
¥ 2
P1
R >
$3C3 2
) & 3
FZ
Kpy
1 starting point for risk estimation
S1/C1 slight (normallyreyersible injury)
S2/C; serious (nopmally irreversible injury or death)
S3/C3 death of seveéral people
F seldom*to-less-often and/or exposure time is short
F] frequent-to-continuous and/or exposure time is long
P possible under specific conditions
P scarcely possible

a-e required performance level (PLr) tor MCS

Figure A.1 — Risk graph for determining PL, for safety function

If ISO 13849 methods are used, then in applications where the SRP/CS can be considered simple, and
the required performance level is a to c, a qualitative estimation of the PL may be justified in the design
rationale. See also Annex E for additional guidance on using ISO 15998 methods more directly.
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A.2 Guidance and examples of risk analysis for EMMs fitted with MCS for steer-
ing, propel, braking, and attachment operation for ISO 15998, ISO 13849-1 or
other similar risk assessments

The hazards for the four primary operating functions of EMM examples are given to illustrate hazard
identification and allocation of risk parameters. This clause is without respect to a specific control
system, but is based on typical EMM forms, given a failure can occur that causes the EMM to behave in
an unintended manner.

S
n
this ann¢x. However, the examples and generic SILs/PLs do reflect state of the art available for ea¢h
type of finction. Furthermore, experience (e.g. accident history) indicates they are adequate and proven
for each function.

The following should be considered when using the risk assessments and Tables A.1 to @5 for EMMs.

A.2.1 S§everity considerations

Severity[should not be skewed by extremely unlikely events. If, for example,.in 999 cases out of a 1 00,
the antidipated injury would be very minor in an accident, but in one case adeath is predicted, then the
consequénce is properly rated S1 or Cj.

A.2.2 Hrequency considerations

Some machine applications can have very low frequencies of exposure, such that F1 would not adequate]y
describe how low the frequencies are. In those cases, it may begore appropriate not to evaluate the scenarjo

EXAMPLH Using a steel tracked dozer on the highway is very seldom done and is generally illegal. It [is
thereforelnot necessary to evaluate the risks associated.with it.

A.2.3 (verall assessment considerations

S/C, Pangl Fvalues are typically based on the\consideration of a list of contributing factors that each terjd
to raise ¢r lower these value partially. Table A.1 shows some of the key factors used in determining the
values. After the contributors are knowh, the closer of the values, for example, P1 or P, was selectef.
Risk ass¢ssments may have more resolution (e.g. ISO 25119-2) than in the examples provided here.

Examplef are given for two gf\the various risk assessment methods. The user should select one rigk
assessment method for the entire control systems evaluated, to avoid conflicting results.

As speed increases, SILs/PL; associated with steering and braking increase due to limitations of the
operator]in maintainifig control after a failure (P). Severity also increases due to higher speeds during
a collisiopn (S/C).

Bystand¢r presence varies significantly in some scenarios: mining sites typically have few or ro
bystandgrs;the presence of which is restricted on most mining sites. Small and medium-sized excavators

d 1lt ko 1o doe Lo ol I frown boa oot dosc o Fraxzooyzo i ol Tha fraciiaxnors (I
and a aCTOT 10a0CT DatRITOCS THOTCOTtCIT ITav C- oy StarraCrs—1rcar CAtav atroTr STeCST e rr ooty (1

should vary accordingly for bystanders.

Collisions between EMMs typically cause fewer and less severe injuries, which tends to result in lower
S/C values and lower SIL/PL; values. EMM and vehicular traffic collisions tend to have higher S/C with
respect to the occupants of the vehicle.

Partial loss: it is easier to maintain control of the machine in steering and braking losses, than complete
losses (P). Braking and steering maintained at 90 % operate almost normally. Steering and braking
functionality at < 5 % are insufficient to prevent most accidents.

E-Stop/PB/hydraulic enable/key switch: a shutdown control’s effectiveness in avoiding an accident (P)
varies significantly with machine speed. It is somewhat effective when an immediate stop works, such
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as for a slow-moving steel tracked machine, or stopping an attachment when a bystander is present. It is
not as effective in dealing with a loss in steering at higher speeds.

When used off-road, machines are exposed to far less vehicular traffic and have a correspondingly
lower S/C value. Therefore, machines prohibited from on-road use may have a SIL/PL; one level less
than a similar road-able version with respect to loss of all steering functionality and the associated
risks of collisions with vehicular traffic. For example, A 4WD loader used on-road has a SIL 3/PL; e for a
complete loss of steering when there is no prior warning. For a similar loader too large for on-road use,
the requirement is one level less or SIL 2/PL;d for the same loss of steering condition.

Table A.1 — Generic SIL/PL; risk assessments of hazard identification and risk paraj

neter

allocation for EMMs with and without MCS, using risk assessment similar tothat jof
ISO 13849-1 or ISO 15998
. . Frequency and/or R ‘o Required
Hazards to operator Severlgy of injury, exposure time to Possibility of avoiding performance SIL
orC h the hazard, P
azard, F level, PL;
1]- Steel tracked N/A F3 Py No require- 0
dozer travelling at (not applicable) ment
speeds <12 km/h
Uncommanded brake Operator very Machine frequently |Machineudsprovided with
apply. Machine stops very |unlikely to be propels at speeds a seat belt, when used it
apruptly. injured adequate to cause signifieantly reduces risk
minor injuries. of injury.
‘The operator can use feet
to brace himself.
Front of cab has no sharp
edges inside the zone of
reach.
Machine typically slips
traction as it stops,
reducing abruptness of
the stopping.
2|- Articulated S2/C, Fy P1 C 1
mp truck travel-
ling < 60 km/h
Uncommanded brake Operator‘can Machine frequently |Machine is provided with
apply. Machine stops very |experienice signifi- |propels at speeds a seat belt, when used it
apruptly. cantinjury during |and payload suf- significantly reduces risk
arollover. ficient to cause a of injury.
rollover. The operator can use
feet and hands to brace
himself.
Front of cab has no sharp
edges inside the zone of
reach.
Payload prevents brake
from locking in most
cases.
Machine ROPs prevents
operator from being
crushed.
3 - Rubber-tyred N/A Fa Pq (C]
trencher trav-
els<12km/h
© IS0 2012 - All rights reserved 11
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Table A.1 (continued)
H Severity of injury, Frequency ajmd/ or Possibility of avoiding Required
azards to operator S exposure time to performance SIL
orC h the hazard, P
azard, F level, PL;
1. Machine begins to propel | Operator very Operator is normally | Operator can press the |No Require-
with F/N/R in neutral. unlikely to be present. Machine service brake to stop. ment
2. 0r machine propels in injured. is frequently in Machine is provided with
opposite direction com- neutral. a seat belt, when used it
manded. significantly reduces risk
— Operator is compelled of injury.
to be present in operator Front of cab has no sharp
station edges inside the zone of
— Operatpr has at least reach.
one primdry control to stop Machine speed is typi-
motion. cally very slow, allowing
more time for operator
to respond.
4 - Tractor loader back- Slor(Cq Fo P1 a ¢]
hoe travels <40 km/h
1. Maching begins to propel | Operator can Operator is normally | Operator can press the
with F/N/R in neutral. experience minor |present. Machine service brake to stop.
2. Or macline propels in reversible injury. |is frequently in Machine is providedwith
opposite direction com- Bumps and bruises |neutral. a seat belt, when used it
manded. are most likely. In significantly reduces risk
— Operatpr is compelled |very rare cases the of injury,
to be present in operator machine can roll Front ofjeab has no sharp
station and the operator edges ifiside the zone of
— Operatpr has at least can fall from the reach’
one primdry control to stop | operator station Machine speed is typi-
motion. and suffer more cally very slow, allowing
severe injuries. more time for operator
to respond.
5 - Articylated wheeled S2/C; Fq P1 b 1
loader, tojo big for on-
road use,|travel speed
less than40 km/h
Complete Joss of all brakes |Operators can Loaders typically Operator can steer the
for stoppihg. be injured due operate near obsta- |machine around obsta-
— Operatpr can only allow |to Machine col- cles including EMMs |cles.
machine tp coastto astop |liding with 6ther |[that can be hit. Machine is provided with
or use attfdchment to stop. |machines. Machine a seat belt, when used it
— Steerinlg remains func- | can be-nvolved in significantly reduces risk
tional. a rollover. of injury.
6 - Articylated wheeled S2/Cr F1 Py c 1
loader
Machine Hoom, bucket 0. |Operator can be Operator typically  |If operator is near mov-
other attachment m@ves greasing machine, |in harm’s way, much |ing part, it can be very
without cgmmand; or otherwise near |[lessthan 10 % of difficult to get away
The equipment opattach- |moving parts. time. quickly enough to pre-
ment is tufned-off by a vent injury.
disabling |ever, switch or
similar.
Hazards to bystanders S/C F P PL, SIL1
7 - Compact S2/C; Fq P1 b 1
machine < 20 km/h

Machine begins to propel
with F/N/R in neutral.

— Operator is compelled to
be present in cab.

— Operator still has ser-
vice brake.

Bystander can be
crushed between
machine and hard
surface.

Bystanders close the
machine and in the
path less than 10 %
of time.

Operator can stop the
machine in the normal
operating position.
Operator will instinc-
tively apply braking.
Bystander can move out
of machine’s path

12
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Table A.1 (continued)

H Severity of injury, Frequency :fmd/ or Possibility of avoiding Required
azards to operator S exposure time to performance SIL
orC the hazard, P
hazard, F level, PL;
8 - Steel-tracked S2/C; F1 Py C 1
dozer travelling at
speeds <12 km/h
Complete loss of all brakes |Bystander can be |Bystander isnot There is no possibil-
for stopping. crushed between |frequently presentin |ity to steer machine.
Operatorcatronty-aHow—machine-and-hard—potentialpath-of the—Bystandereanmove
machine to coast to astop |surface. machine. out of machine’s path in
of use blade to stop. Bystander can be some cases.
— Steering does not run over. Machine speed is initially
re¢main functional lower than most EMMs.
9|- Tractor loader-back- S2/C, N/A N/A 0
hjoe Travelling <40 km/h
Unexpected brake apply. Bystander can be |Frequency is neg- No further evaluation is’ |No Require-
Machine stops very crushed between |ligible, because a needed. ment
apruptly, and can skid. machine and hard |bystander extremely
Steering remains func- surface. unlikely to be in the
tlonal, but is limited. Bystander can be |path of a machine
run over. that is stopping
faster than operator
intended, even in the
event of a rollover.
1P - Skid steer loader S2/C> F1 P, c 1
Machine boom or bucket Bystander can be |Bystander typically |If bystander is near
of other attachment moves |crushed between |in harm’s wagymuch |moving part, it can be
without command. machine and hard |less thand0 % of very difficult to get away
— Operator is compelled to |surface. time. quickly enough to pre-
b in the operator station. |Bystander can be vent injury.
— Operator can stop run over.
ehgine, to stop movement.
Hazards to vehicular S/C F P PL, SIL
traffic
11 - Articulated grader S3/C3 F2 Py e 3
travelling < 50 km/h.
Machine is roadable
Complete loss of primary | Vehicular traffic |Roadable motor There is no possibility to
sfeering and emergency accident can result |grader is frequently |steer machine. Vehicular
steering (either steers in multiple deaths. [roaded. traffic can move out of
upncommanded or notatall machine’s path in some
while propelling). cases.
— Operator hasdiraKing to
sfop the machipe.
1+ Operatot i$ hot warned
pfior to lasstof steering.
12 - Arxticulated wheeled S3/C3 F1 Py e 3
Loaders <40 km/h
Complete loss of primary  |Potential to hit Multi-passenger There is no possibility to
steering and emergency higher speed vehi- |vehicles in the path |steer machine. Operator
steering (either steers cle with multiple |of machine is much |can stop the machine.
uncommanded or not atall |passengers less than 10 % of Vehicle can be able to
while propelling). time. avoid the loader.
— Operator has braking to
stop the machine.
— Operator is not warned
prior to loss of steering.
© IS0 2012 - All rights reserved 13
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Table A.1 (continued)
. .. Frequency and/or - ‘. Required
Hazards to operator Severlgy of injury, exposure time to Possibility of avoiding performance SIL
orC h the hazard, P
azard, F level, PL;
13 - Rigid frame haul S3/C3 N/A N/A N/A N/A
truck, not allowed on
highway < 60 km/h
Complete loss of primary  |Potential to hit Neither used nor No further evaluation is
steering and emergency higher speed vehi- |allowed onroad. needed.
steering (ethrer-steers ele-with-mudtipte—Yeryrareriskofbus
uncommahded or not atall |passengers on mining site is
while propelling). negligible.
— Operatpr has braking to
stop the njachine.
— Operatpr is not warned
prior to lofs of steering.

A.3 Safety integrity levels (SIL)/Performance Levels (PL;) from generic SIL/PL;

risk as

A3.1 1
function;
generic S

A3.2 |
(Veh.). Vi
working

NOTE 1
NOTE 2

Dependi
SIL/PLy ¢

chart gemerally refer to hazards associated with servicing the machine. When the service person leave

the oper
servicing
(Bys.) ha

sessments

ables A.2 to A.5 show comparison SIL/PL; values for various ‘machine forms and operatir
based upon example risk assessments and assignment of theSIk/PLy. These examples show t}
ILs/ PLys to illustrate conservative values for SRP/MCS.

thicular traffic refers to automobiles, trucks and bysses encountered while transporting on
on highways. Vehicular traffic for this chart doesiot refer to other EMMs found on a job site.

Regional requirements for roading are not necéssarily the same as the values in Tables A.2 to A.5.
Maximum speed indicates maximum speédion level ground.

g on the situation, service persennel can be either operators or bystanders on the gener
hart. When a service person is inside the operator station, the operator hazards (Op.) from t}

htor station, then he is stithconsidered an operator. If there are two individuals involved wif
ra machine, one in the operator station and one outside the operator station, then the bystand
zards address the service person outside the operator station.

[azards are categorized according the operator (Op.);bystander (Bys.) and vehicular traﬂ]ic

1
le

r

iC
e
bS
h
bT
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Table A.2 — Generic SIL/PL; chart

Art.
hected
tracked | Articulated too bi f'or Articulated
dozer, rubber- Tractor | Articulated onroa dguse /| compact
. Hazard loader, tracked loader- wheeled p
Failure mode . Undergrnd. | wheeled
cat. pipelayer, | dozer or backhoe loaders minin loader
scraper loader <40km/h | £40km/h loader% <40 km/h
puller <40km/h ¥ andfill -
<12Zkm/h
compactor
<40km/h
S[TATIONARY MACHINE
Alny movement of machine: Op. SIL1/PL:b | SIL1/PL-b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b
Shich as articulation,
pkopel, boom, bucket, Bys. SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL b |(SIL1/PL:b | SIL1/PL:b
arm, blade, dumper bin, Veh. N/A SIL1/PL:b | SIL1/PL:b | SIL1/PL.b N/A SIL 1/PL:b
ekcavator swing, raising
aphd lower functions and
ofher similar, rotating
flinctions such as drilling,
spwing, mowing, auging,
ahd similar begin to move
upncommanded
— Stationary machine
— Operator is not present
— Disabling devices/park
byakes applied.
— Engine can be running.
— Attachments on ground
wWhere appropriate for
npachines not in use.
Engine starts uncom- Op. SIL1/PL;b SIL1/PL-b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b
Eaannc‘led During mainte- Bys. | SIL1/PLid’ | SIL1/PLyb | SIL1/PL:b | SIL1/PL.b | SIL1/PL.b | SIL1/PL.b
—Battery disconnector is Veh. N/A N/A N/A N/A N/A N/A
lgcked in position OFF
WORKING MACHINE
Propel, boom, bucket, Op: SIL ©®/No SIL ©/No SIL ©/No SIL ©/No SIL ®/No SIL ©/No
afm, blade, dumper bin, requirement| require- |requirement |requirement |requirement | requirement
ekcavator swing, raising ment
ahd lower functions and
obher similar, rotating Bys. SIL_G)/No SIL G)_/No SIL_@/No SIL_ ©/No SIL_@/No SIL_ ©/No
ffinctions such as drilling, requirement| require- requirement | requirement | requirement | requirement
spwing, mowingsauging, ment
and similar remdins sta- Veh. N/A SIL ©®/No SIL ©/No SIL ®/No N/A SIL® / No
tjonary when'commanded require- | requirement | requirement requirement
t move. ment
PROPEL/BRAKING
Pleapél speed /acceleration Op SILO/No [ SIL1/PL.b | SIL1/PI.b | SIL1/PL.h | SIL1/PL.b | SI.1/PL:b
much higher than com- requirement
manded.
— Driving near a location Bys. SIL.(B/Not SIL1/PLyb | SIL1/PL:b | SIL1/PL:b | SIL1/PL-b | SIL1/PL:b
where there could be a col- requiremen
lision or where bystanders |  Veh. N/A SIL1/PLyb | SIL1/PLyb | SIL1/PL:b N/A SIL 1/PL:b
are present.
— Operator can stop pro-
pel using service brakes or
other similar device, such
as the F/N/R.
— Service brake capac-
ity is adequate for the
increase stopping force
needed.
© IS0 2012 - All rights reserved 15
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Table A.2 (continued)

Art.
Steel- wheeled
tracked Articulated tol: ztlx(iie?or Articulated
dozer, rubber- Tractor Articulated onroa dguse /| compact
. Hazard loader, tracked loader- wheeled p
Failure mode . Undergrnd. | wheeled
cat. pipelayer, dozer or backhoe loaders minin loader
scraper loader <40km/h | £40km/h load g <40 km/h
puller <40 km/h Loa d‘;?{l - m/
andfi
s12 km/h rnmpnrfnr
<40 km/h
Propel spg¢ed/acceleration Op. SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL®/No
slightly higher than com- requirement| require- |requirement |requirement |requirement | requiremerft
manded. ment
— Driving near a location
where thdre could be a col- Bys. SIL_G)/No SIL @_/No SIL_@/No SIL_@/No SIL_@/No SIL_@/No
lision or where bystanders requirement| require- |requirement |requirement | requirement | requiremerjt
are present. ment
— Ope-zrat pr can stop pro- Veh. N/A SIL ©/No SIL ©/No SIL ©/No N/A SIL ©/No
pel using ervice brakes or require- |requirement | requirement requiremerjt
other simjlar device, such ment
the F/N/Rl.

— Servicq brake capac-
ity is adequate for the

increase stopping force
needed.

Complete Joss of all brakes Op. SIL1/PLyb | SIL1/PLyb | SIL1/PExb™| SIL1/PLyb | SIL1/PL:b | SIL1/PL;H

for stoppipg.

— Operatr can only allow Bys. SIL1/PLyb | SIL1/PL:b | SIL1/RE-b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:H
machine tp coast to a stop Veh. N/A SIL 2/PL-d | SIIN2/PLyd | SIL2/PLrd N/A SIL 1/PL;H
or use atthchment in some

cases.

— Steerinfg remains func-
tional for most wheeled
machines)but not for
skid steerf and crawler
machines

Complete Joss of service Op. SILO®/PLya | SILO®/PLra | SILO/PLra | SIL®/PLra | SIL®/PLra | SIL®/PL;3
and secondary braking.

— Operatpr still has at Bys. SILAPL-b | SIL1/PLyb | SIL1/PLyb | SIL1/PL-b | SIL1/PL:b | SIL1/PL;H
least one primary control Veh. N/A SIL1/PLyb | SIL1/PLyb | SIL1/PLyb N/A SIL 1/PL; b
to stop th¢ machine, such

as park brjake.

Complete foss of engine/ Op. N/A N/A N/A N/A N/A N/A
transmisgion/electrical

retarder. / Bys. N/A N/A N/A N/A N/A N/A

— Maintajn service, Veh. N/A N/A N/A N/A N/A N/A

secondary, and parkbrake
functions{ Withoutwarn-
ing.

Any brakd applies uncom- Op. SIL®/PLya | SILO/PLra | SILO/PLra | SIL®/PLra | SIL®/PLra | SILO/PL,3

pmo“tr;?l‘ggﬁg Sv%?{:t;)rrépel- Bys. | SIL®/No |SIL®/PL.a| SIL®/PLya | SIL®/PLya | SILO/PLya | SIL®/PL;a

ling at full speed. requirement

— Machine skids to a stop Veh. N/A SIL®/PLra | SILO/PLyra | SILO®/PLra N/A SIL®/PLra
in most conditions.

— Steering is very poor.

Swing brake release with- Op. N/A N/A N/A N/A N/A N/A
out command.

— Machine can move very Bys. N/A N/A N/A N/A N/A N/A
slowly only, due to hydrau- |  Veh. N/A N/A N/A N/A N/A N/A

lic leakage.
— Operator is not present.
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Art.
Yhected
tracked |Articulated too bi f'or Articulated
dozer, rubber- Tractor Articulated onroa dguse /| compact
. Hazard loader, tracked loader- wheeled p
Failure mode . Undergrnd. | wheeled
cat. pipelayer, | dozer or backhoe loaders minin loader
scraper loader <40km/h | £40km/h &
loader/ <40km/h
puller <40km/h Landfill
< 12 km/h compactor
<40 km/h
SITEERING
Complete loss of all steer- Op. SIL®/PLya | SIL1/PL-b | SIL1/PL:b | SIL1/PL:b | SIL1/RLs'd | SIL1/PL:b
ing (either steers uncom-
manded or not at all while Bys. SIL®/PLya | SIL2/PLyd | SIL2/PL-d | SIL2/PLyd | SIL2/PL.d | SIL2/PL.d
propelling). Veh. N/A SIL3/PLye | SIL3/PLre | SIL3/PL;e N/A SIL 3/PL;e
— Operator has braking to
sfop the machine.
— Operator is not warned
prior to loss of steering.
Lpss of normal steering Op. SIL ©/No SIL ©/No SIL ©/No SIL ®/No SIL ©/No SIL ©/No
while maintaining another requirement| require- |requiremerit |rrequirement | requirement | requirement
steering system (either ment
steers partially uncom-
manded or is limited in Bys. SIL_G)/No SIL1/PL:b | SIL4/PL:b | SIL1/PL.b | SIL1/PL:b | SIL1/PL;b
r¢sponsiveness, all while requirement
propelling). Veh. N/A SIL2 /PLyd|~SIL2/PL-d | SIL2/PL.d N/A SIL 2/PL;d
— Operator has braking to
stop the machine.
— Operator is not warned
prior to loss of steering.
— Operator can switch to
alternate control, such as
jqystick.
EQUIPMENT/ATTACHMENT
Blade functions, bin dump, Op. SI*0/No SIL ©/No SIL ©/No SIL ®/No SIL ©/No SIL ©/No
r|pper, bucket curl, and requirement| require- |requirement |requirement |requirement | requirement
other similar, begins to ment
njove without command.
| operator is present in Bys. SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL.b | SIL1/PL:b | SIL1/PL:b
operating station and can Veh. N/A SIL1/PL:b | SIL1/PL:b | SIL®/PL;a N/A SIL®/PLya
react.
— The equipment or
aftachment is turned-off
by a disabling leversswitch
of similar.
Rlotating attachments, Op. N/A N/A SIL ©/No SIL® / No SIL©® / No SIL® / No
bpckhoe leader/hoe func- requirement | requirement | requirement | requirement
tlonsgexcavator swing,
ekdavator boom, excavator Bys. N/A N/A SIL 1/.PLr SIL1/PLyc | SIL1/PLyc | SIL1/PLrc
Qb erevater-brekets ¢ Consider
which can crane, stabiliz- SIL 2/PLrd
ers or skid steer loader Veh. N/A N/A SIL1/PL:b | SIL1/PL.b N/A SIL1/PL: b
boom arm functions begin
to move without com-
mand.
— Operator is present in
operating station and can
react.
— The equipment or
attachment is turned-off
by a disabling lever, switch
or similar.
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Table A.2 (continued)

Art.
Steel- oader,
tracked Articulated too bi f‘or Articulated
dozer, rubber- Tractor | Articulated onroa dguse /| compact
Fai Hazard loader, tracked loader- wheeled p
ailure mode . Undergrnd. | wheeled
cat. pipelayer, dozer or backhoe loaders minin loader
scraper loader <40km/h | £40km/h 1 g
oader/ <40km/h
puller <40km/h Landfill
<12km/h
rnmpnrfnr
<40km/h
Automati¢ blade/bucket/ Op. SIL®/PLya | SIL1/PL:b | SIL1/PL:b | SIL1/PLyb | SIL1/PLyb | SIL {/PL;H
g‘l‘; (f;’/“;lrli Li‘é%fr‘l":lgsvleosﬁ Bys. | SILO/PLya | SIL®/PL;a | SILO/PLra | SIL1/PL:b | SILO/PLya | (SIL6/PL, 4
randomly|or in an undesir- | Veh. N/A SIL1/PLyb | SIL1/PL:b | SIL1/PLyb N/A SIL 1/PL; b
able locat{on.
— Operatpr assumed to
be in operptor station,
because hp is compelled to
disable atfachment func-
tion whenexiting.
— Functiqn is only up and
down, or dngling.
— Functign is not a swing,
rotate, shifting, etc.
Automati¢ blade control Op. SIL ©/No SIL ©/No SIL ©/No SIL 8/No SIL ©/No SIL 8/No
function i§ lost. Blade/ requirement | require- |requirement’|requirement | requirement | requirement
bucket wi]l not move auto- ment
matically. B
— Functidn is only up and ys. SIL_ 0/No SIL @_/No SIL_ ®/No SIL_ 0/No SIL_ 0/No SIL_ 0/No
down, or gngling. requirement| require- |requirement |requirement | requirement | requiremerjt
— Functiqn is not a swing, ment
rotate, side—shifting, etc. | Veh. N/A SIL ©/No SIL ©/No SIL ©/No N/A SIL ©/No
require- |requirement | requirement requiremerjt
ment
Quick Coupplers: allows Op. SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©®/No
attachmet to fall down requiremént| require- |requirement | requirement | requirement | requirement
uncommapded. ment
Bys. SILI/PLrc | SIL1/PLrc | SIL1/PLrc | SIL1/PLyc | SIL1/PLyc | SIL1/PL\(
Veh. N/A N/A SIL ©/No SIL ©/No N/A SIL /No
requirement | requirement requiremerjt
ENGINE
Engine sufges, with minor Op. SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No
impact onf speed of pro- requirement| require- |requirement |requirement |requirement | requiremerjt
pel, steeripg, braking ot ment
attachments. Bys. | SIL@/No | SILO/No | SIL®/No | SIL@/No | SIL@/No | SILO/No
requirement| require- |requirement |requirement |requirement | requiremerjt
ment
eh N/A SIL@/No SIL @/No SIL@/No N/A SIL@/No
require- |requirement | requirement requirement
ment
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Table A.3 — Generic SIL/PL, chart

Compact
Crawler
excava- crawler Large
Undergrnd. Rigi excava- crawler
.S igid-frame | tor, steel
Art. dum mining haul truck tracks not tor, steel excavator
. Hazard P | truck, not . track not or shovel
Failure mode trucks ¢ not allowed | allowed on ’
cat. allowed on . allowed on >45t
<60 km/h hi on highway | road (rub-
ighway | 80km/h | ber tracks road (rub- | notallowed
<60km/h | 7 ber tracks on road
onroad) onroad) <12 km/h
<12km/h 19 Lo 7l
| 2t h
SlTATlONARY MACHINE
Alny movement of Op. SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PLyb~| SIL1/PL.b
E;f)l:l"n;r'ossglsgoaglcu Bys. | SIL1/PLyb | SIL1/PLyb | SIL1/PL;b | SIL1/PL:b | SIL1/Pkb | SIL1/PL:b
blucket, arm, blade, Veh. | SIL1/PL:b N/A N/A N/A N/A N/A
dpumper bin, excavator (SIL 1/PLy b) (SIL 1/PL, b)
swving, raising and lower
flinctions and other
s]milar, rotating func-
tlons such as drilling,
spwing, mowing, auging,
apd similar begin to
npove uncommanded
— Stationary machine
— Operator is not
present
— Disabling devices/
pprk brakes applied.
—+Engine can be run-
njing.
—Attachments on
gfound where appropri-
afe for machines not in
ufe.
Engine starts uncom- Op. SIL1/PLgb | SIL1/PL:b | SIL1/PL:b | SIL1/PL;b SIL1/PLyb | SIL1/PL:b
Eaannc‘l‘?d during mainte Bys. | SILYPLyb | SIL1/PLyb | SIL1/PLyb | SIL1/PLyb | SIL1/PL:b | SIL1/PLrb
— Battery disconnector Veh. N/A N/A N/A N/A N/A N/A
i locked in position OFF
WORKING MACHINE
Plropel, boom, bucket, Op. SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL 6/No
afm, blade, dumper bin, requirement | requirement | requirement | requirement | requirement | requirement
cpeivator swing raigas T pys. SILO/No | SILO/No | SILO/No | SIL6/No SIL®/No | SIL6/No
obher similar, rorathl requirement | requirement | requirement | requirement | requirement | requirement
fyinctions suchyasdrill- Veh. SIL ©/No N/A N/A N/A N/A N/A
ing, sawing{nmowing, requirement SIL ©/No SIL ©/No
afiging, andsimilar requirement | requirement
ré¢mainsstationary
when commanded to
npove!
PROPEL/BRAKING
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Table A.3 (continued)

C Compact
rawler
crawler Large
Undergrnd. | . . excava- excava- crawler
. g Rigid-frame| tor, steel
Art. dum mining haul truck tracks not tor, steel excavator
. Hazard p truck, not . track not or shovel,
Failure mode trucks not allowed | allowed on
cat. <60 km/h allowed on on high d (rub- allowed on >45t
< high ghway | road (rub- | o4 b | not allowed
ghway <80km/h | bertracks oac (ru otatlowe
<60 km/h ber tracks on road
onroad)
<12km/h onroad) <12km/h
<12 km/h
Propel spg¢ed/accelera- Op. SIL®/PLra | SIL®/PLra | SIL®/PLra | SIL®/PLra | SIL®/PLra | SIL®/RL:4
E‘é’;g:ggx?her than Bys. | SIL1/PL:b | SILO/PLa | SILO/PLya | SILO/PLra | SIL®/PLra | SIE®/PL,{
— Driving near aloca- Veh. | SIL1/PLyb | SIL1/PL;b | SIL1/PL;b N/A N/A N/A
tion wherg there could (SIL®/PLya) | (SIL ©/PLa)}
be a collisjon or where
bystander|s are present.
— Operatpr can stop
propel using service
brakes or pther similar
device, sufh as the
F/N/R.
— Servicg brake capac-
ity is adequate for the
increase stopping force
needed.
Propel spg¢ed/accelera- Op. SIL ©/No SIL ®/No SIL ©/Ng SIL ©®/No SIL ©/No SIL ©/No
tion slighgly higher than requirement | requirement | requirement | requirement | requirement | requiremerjt
frgrrrilsinnd géar A loca. Bys. | SILO/No | SILO/No | SIL@/No | SIL®/No SILO/No | SIL®/No
tion wherk there could requirement | requirement | requirement | requirement | requirement | requiremerjt
be a collisjon or where Veh. SIL®/No | SIL®/No SIL ©/No SIL ©/No N/A N/A
bystanders are present. requirement | requirement| requirement | requirement
— Operatpr can stop
propel using service
brakes or jother similar
device, sufh the F/N/R.
— Servicq brake capac-
ity is adequate for the
increase stopping force
needed.
Complete Joss of all Op. SH.1/PLyb | SIL1/PLyb | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL.h
tfaé(szrf:t';tffﬂnnﬁ'y BysC~[ SIL2/PLyd | SIL2/PLyd | SIL2/PL,d | SIL1/PL;b | SIL1/PL;b | SIL1/PL.H
allow madhine to coast Veh. SIL 2/PL.d N/A N/A N/A N/A N/A
to a stop qr use attach- SIL1/PLyb | (SIL 1/PL;b)
ment in sqme cases.
— Steerinjg remains
functiona] for most
wheeled machines, but
not for skid steers and
crawler mjachines.
Complete loss of service Op. SIL®/PLra | SIL®/PLya | SIL®/PL;a N/A N/A N/A
Tg;g;g{‘o‘iasrgﬁ’ﬁgmg' Bys. | SIL1/PLyb | SIL1/PLyb | SIL1/PLyb N/A N/A N/A
atleast one primary con-|  Veh. SIL1/PL;b N/A N/A N/A N/A N/A
trol to stop the machine,
such as park brake.
Complete loss of engine/ Op. SIL ©/No SIL ©/No SIL ©®/No N/A N/A N/A
transmission/electrical requirement | requirement | requirement
ft&;diflrt'ain service, sec. | BYS | SILO/No | SIL&/No | SIL6/No N/A N/A N/A
ondary, and park brake requirement | requirement | requirement
functions. Without Veh. SIL ©/No N/A N/A N/A N/A N/A
warning. requirement
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Compact
Crawler
crawler Large
excava-
Undergrnd. | . . excava- crawler
.. Rigid-frame| tor, steel
mining tor, steel excavator
Art. dump haul truck, | tracks not
. Hazard truck, not track not or shovel,
Failure mode trucks not allowed | allowed on
cat. allowed on . allowed on >45t
<60 km/h hi on highway | road (rub-
ighway <80km/h | ber tracks road (rub- | notallowed
<60km/h | ~ ber tracks on road
onroad) d 12 km/h
12 km/h onroad) < m/
: < <12km/h
Alnybrake applies Op. SIL1/PLrc | SIL1/PLyc | SIL1/PLrc | SIL®/PLya | SILO®/PLra ) SIL.®/PLra
uncommanded by opera-
tér, potentially while Bys. SIL1/PL:b | SIL1/PL:b | SIL1/PL:b SIL. ©/No SIL.G)/No S[L.G)/No
popelling at full speed. requirement | requirement | requirement
— Machine skids to a Veh. SIL1/PL:b N/A N/A N/A N/A N/A
sfop in most conditions. SIL ©/No SIL ©/No
— Steering is very poor. requirement {ryequirement
Swing brake release Op. N/A N/A N/A SIL ©/No. SIL ©/No SIL ©/No
without command. requirément | requirement | requirement
—+ Machine can move
very slowly only, due to Bys. N/A N/A N/A SIL_ ©/No SIL_ ©/No SIL_G)/No
hydraulic leakage. requirement | requirement | requirement
-1 Operator is not Veh. N/A N/A N/A SIL ®/No SIL ©/No N/A
present. requirement | requirement
STEERING
Complete loss of all Op. SIL1/PL:b | SIL1/PLyb | SIL1/PL:b | SIL®/PL-a SIL®/PLra | SILO®/PLra
steering (either steers
uhcommanded or not at Bys. SIL2/PL-d | SIL2/PL.d, |*SIL2/PL-d | SIL®/PL;a | SIL©®/PLra | SIL©/PLra
afl while propelling). Veh. | SIL3/PLe N/A N/A N/A N/A N/A
— Operator has braking SIL1/PL:b | SIL®/PL;a
to stop the machine.
— Operator is not
warned prior to loss of
sfeering.
Lppss of normal steer- Op. SIL®fPLra | SILO®/PLya | SIL®/PL;a N/A N/A N/A
ing while maintaining
ahother steering system Bys. SIL'®/PLya | SILO®/PLra | SIL®/PLra N/A N/A N/A
(¢ither steers partially Veh, S{VSIL 2/PLy d N/A N/A N/A N/A N/A
uncommanded or is lim-
ifed in responsiveness,
all while propelling).
— Operator has braking
to stop the machine.
— Operator is not
warned prior toddss’of
sfeering.
— Operataofican switch
t¢ alternate*control,
sfich asjoystick.
EQUIPMENT/ATTACHMENT
Blade functions, bin Op. SIL ©/No SIL ©/No SIL ®/No SIL ®/No SIL ©/No SIL ©/No
dump, ripper, bucket requirement | requirement | requirement | requirement | requirement | requirement
curl, and other similar,
begins to move without Bys. SIL®/PLya | SIL®/PLra | SIL®/PLya | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b
command. Veh. N/A N/A N/A N/A N/A N/A
— Operator is present SIL1/PL:b | SIL1/PL:b
in operating station and
can react.
— Equipment or attach-
ment is turned-off by a
disabling lever, switch
or similar.
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Table A.3 (continued)

Compact
Crawler
crawler Large
excava-
Undergrnd. | . . excava- crawler
.S Rigid-frame| tor, steel
mining tor, steel excavator
Art. dump haul truck, | tracks not
. Hazard truck, not track not or shovel,
Failure mode trucks not allowed | allowed on
cat. allowed on . allowed on >45t
<60 km/h . on highway | road (rub-
highway | "_ 80km/h | ber tracks road (rub- | notallowed
<60km/h | ~ ber tracks on road
onroad)
onroad) <12km/h
<12km/h | _ 1o m/n
Rotating dttachments, Op. N/A N/A N/A SIL ©/No SIL ©/No SIL ©/No
backhoe lpader/hoe requirement | requirement | requiremerjt
functionsyexcavator Bys. N/A N/A N/A SIL1/PLyc | SIL1/PLrc | SIYi/PLy
swing, ex¢avator boom, . .
Consider SIL | Consider SlL~| »¢’SIL ©/No|
excavatorfarm, excava- 2/PLr d 2/PLrd X
tor buckefs which can /PLr /PLr req;nre-
crane, stapilizers or skid megtbor ar'll?
steer loadpr boom arm an ¢ oo(;ntl
functions pegin to move notusediq
without cgmmand. crane
— Operatpr is present Veh. N/A N/A N/A N/A N/A N/A
in operatiphg station and SIL 1/PL¢b) | SIL1/PL:b
can react.
— Equipnjent or attach-
ment is tufned-off by a
disabling |ever, switch
or similar
Automatig¢ blade/ Op. SIL1/PL:b | SIL1/PL:b | SIL1/BLb |SIL®/PLraor|SIL®/PLraor| SIL®/PL;
bucket/bih control SIL1/PL;b SIL1/PL;b aor
function i§ lost. Blade/ if there is if there is SIL 1/PL; b
bucket/bip moves ran- a potential a potential if there is
domly or in an undesir- contacting contacting a potentia
able locatfon. the operator | the operator | contacting
— Operatpr assumed to station, or station, or | the operator
be in operptor station, other jobsite | other jobsite | station, or
because hg is compelled hazards. hazards. other jobsite
to disablejattachment hazards.
function yhen exiting.
— Functidn is onlyu§ Bys. SIL®/PLya " SIL®/PLra | SILO®/PLya | SIL1/PL:b | SIL1/PL:b | SIL1/PL.H
and down| or angling. Veh. | SILAJPL;b N/A N/A N/A N/A N/A
— Functign is nota SIL1/PL:b | SIL1/PL:b
swing, rofate, shifting,
etc.
Automati¢ blade control Op- SIL ©/No SIL ®/No SIL ®/No SIL ®/No SIL ®/No SIL ®/No
function i§ lost. Blade/ requirement | requirement | requirement | requirement | requirement | requiremerjt
bucket wijl fot move Bys. | SILO/No | SILO/No | SIL@/No | SIL@/No | SIL®/No | SIL®/No
— Functidn i};.only up requirement | requirement | requirement | requirement | requirement | requiremerjt
and down or angling: Veh. SIL /No N/A N/A N/A N/A N/A
— Functign is neta requirement SIL ®/No SIL ®/No
swing, rofate; side-shift- requirement | requirement
ing, etc.
Quick couplers: allows Op. N/A N/A N/A SIL ©/No SIL ©/No SIL ©/No
attachment to fall down requirement | requirement | requirement
uncommanded. Bys. N/A N/A N/A SIL1/PLrc | SIL1/PLyc | SIL1/PL;c
Veh. N/A N/A N/A N/A N/A N/A
SIL®/PLya | SILO/PL;a
ENGINE
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Compact
Crawler
crawler Large
excava-
Undergrnd. | . . excava- crawler
.. Rigid-frame| tor, steel
mining tor, steel excavator
Art. dump haul truck, | tracks not
. Hazard truck, not track not or shovel,
Failure mode trucks not allowed | allowed on
cat. allowed on . allowed on >45t
<60 km/h . on highway | road (rub-
highway | "_ 80km/h | ber tracks road (rub- | notallowed
<60km/h | ~ ber tracks on road
onroad)
onroad) <12 km/h
<12km/h | _ 1547
Engine surges, with Op. SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL 6/No
minor impact on: speed requirement | requirement | requirement | requirement | requiremeft\| requirement
of propel, steering, brak- |5 T g 0 NG [ siLe/No | SILO/No | SILO/No SIL@AN0” | L ©/No
ing or attachments. ) . : . ; ;
requirement | requirement | requirement | requirement | requirement | requirement
Veh. SIL®/PLra N/A N/A N/A N/A N/A
SIL ©/No SIL ©/No
requirementf requirement
Table A.4 — Generic SIL/PL; chart
Skid steer
loader and
Articulated | al]-terrain
Wheeled . grader, too track
Wheeled | excavator, Woéled | Articulated big for pub- | lpaders,
excavator, motor .
. Hazard | excavator, | non-road- licroad use, | st¢el-track
Failure mode non-road- grader, N
cat. roadable able or typically | nof allowed
able roadable . .
<25km/h | roadable <12km/h | <50km/h used in min-| o¢nroad;
<40km/h ing nubber-
<50 km/h tracks
bnroad
<P5km/h
S[TATIONARY MACHINE
ny movement of Op. SIL3/PL:b | SIL1/PLyb | SIL1/PL-b | SIL1/PL:b | SIL1/PL;b | SIL1/PL;b
achine: Such as articula-
t{on, propel, boom, bucket, Bys. Si1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b
afm, blade, dumper bin, Vehe. \ SIL 1/PL;b N/A N/A SIL1/PL:b N/A N/A
ekcavator swing, raising SIL1/PL:b SIL1/PLrb
ahd lower functions and
ofher similar, rotating
flinctions such as drilling,
spwing, mowing, auging,
apd similar begin te-hove
upcommanded
Stationary maechine
Operatorisynot present
Disabling devices/park
akes applied.
Exgine can be running.
Attachments on ground
where appropriate for
machines not in use.
Engine starts uncom- Op. SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL;b | SIL1/PL:b
nmaannc‘led During mainte- Bys. | SIL1/PLyb | SIL1/PLyb | SIL1/PL:b | SIL1/PLcb | SIL1/PLcb | SIL1/PL:b
— Battery disconnector is Veh. N/A N/A N/A N/A N/A N/A
locked in position OFF
WORKING MACHINE
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Table A.4 (continued)
Skid steer
loader and
Articulated | all-terrain
Wheeled . grader, too track
Wheeled | excavator, Wheeled | Articulated big for pub- loaders,
excavator, motor .
Failure mode Hazard | excavator, | non-road- non-road.- rader lic ro_ad use, | steel-track
cat. roadable able or bl 8 ; typically | notallowed
<25km/h | roadable aple roadable used in min-| onroad;
<12km/h | <50km/h . i
<40 km/h ing rubber-
<50 l(m,/h tracks
onroad
<25Kkm/h
Propel, bgom, bucket, Op. SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL,O/No
arm, blad¢, dumper bin, requirement| require- |requirement |requirement |requirement | reqtiiremerft
excavator|swing, raising ment
3?}‘381:;“1’1‘: lf;‘r‘,‘igfa';snag“d Bys. | SILO/No | SIL@/No | SILO/No | SILO/No | SIL@/Ny~| SIL6/No
functions kuch as drilling, requirement| require- |requirement |requirement | requireément | requirement
sawing, mowing, auging, ment
and similgr remains sta- Veh. SIL ®/No SIL ®/No N/A SIL ®/No N/A N/A
tionary when commanded requirement | require- requiremefit SIL ©/No
to move. ment requiremerft
PROPEL/BRAKING
Propel spg¢ed/acceleration Op. SIL1/PLyb | SIL1/PLyb | SIL1/PL:b |-SIL1/PLyb | SIL1/PL:b | SIL 1/PL;H
g’;;ﬁl‘f er than com Bys. | SIL1/PL;b | SIL1/PL:b | SIL1/PL. B2 *SIL1/PL b | SIL1/PL.b | SIL1/PL,k
— Driving near a loca- Veh. | SIL1/PL;b N/A N/A SIL1/PL:b N/A N/A
tion wherg there could SIL1/PL:b SIL 1/PLyh
be a collisjon or where
bystander|s are present.
— Operatpr can stop pro-
pel using g§ervice brakes
or other sjmilar device,
such as thg F/N/R.
— Servicq brake capac-
ity is adeduate for the
increase stopping force
needed.
Propel sp¢ed/acceleration Op. SIL®/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No
slightly higher than com- requirement| require- |requirement |requirement | requirement | requiremerjt
manded. ment
tiogz\‘,‘l’;:f;;ﬁ::igﬁ?d Bysy~| SILO/No | SIL@/No | SILG/No | SILO/No | SIL®/No | SIL6/No
be a collislon or where requirement| require- |requirement |requirement | requirement | requiremerjt
bystandei|s are present. ment
— Operatpr can stop pro- Veh. N/A N/A N/A SIL ©/No N/A N/A
pel using gervice brakes SIL ©/No requirement SIL ©/No
or other sjmilar device, require- requirement
such the F/N/R. ment
— Servicq brake'capac-
ity is adequate for the
increase steppingferee
needed.
Complete loss of all brakes| Op. | SIL1/PLyb | SIL1/PLyb | SIL1/PL:b | SIL1/PL;b | SIL1/PL:b | SIL1/PL.b
fﬁrosgggégf'can only Bys. | SIL1/PLyb | SIL1/PLyb | SIL1/PLyb | SIL1/PLyb | SIL1/PLyb | SIL1/PLyb
allow machine to coastto | Veh. | SIL1/PL;b N/A N/A SIL 2/PL;d N/A N/A
a stop or use attachment SIL2/PL-d SIL1/PL;b
in some cases.
— Steering remains func-
tional for most wheeled
machines, but not for
skid steers and crawler
machines.
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Table A.4 (continued)
Skid steer
loader and
Articulated | all-terrain
Wheeled . grader, too track
Wheeled | excavator, e‘;‘(,cl;iealteoi Ari:lc(:ltl;l:ed big for pub- loaders,
. Hazard | excavator, | non-road- ’ licroad use, | steel-track
Failure mode non-road- grader, .
cat. roadable able or typically | notallowed
able roadable ] /
<25km/h | roadable | _ 12km/h | <50km/h used in min-| onroad;
<40km/h | & - ing rubber-
<50 l(ml/h racks
bnroad
<P5km/h
Cpmplete loss of service Op. SIL®/PLya | SILO/PLra | SILO/PLya | SIL®/PLra | SIL®/PLna | SIL®/PLra
aphd secondary braking.
1 operator still has at Bys. SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SILsl/PL.b | SIL1/PL:b
lgast one primary control Veh. SIL1/PL:b | SIL1/PL;b N/A SIL1/PL;b N/A N/A
t¢ stop the machine, such SIL1/PL;b
ap park brake.
Complete loss of engine/ Op. N/A N/A N/A NJA N/A N/A
transmission/electrical
rbtarder. / Bys. N/A N/A N/A N/A N/A N/A
- Maintain service, Veh. N/A N/A N/A N/A N/A N/A
sgcondary, and park brake
fiinctions. Without warn-
infg.
ny brake applies uncom- Op. SIL ©/No SIL ©®/No SK. ©/No SIL®/PLya | SIL®/PLra | SIL®/PLra
anded by operator, requirement| require- , [Tequirement
pptentially while propel- ment
ling at full speed.
| Machine skids to a stop Bys. SIL'@/NO SIL @/No SIL'G)/No SIL®/PLra | SIL®/PLya | SILO/PLa
i most conditions requirement| require- |requirement
— Steering is very poor. ment
Veh. SIL®/PLya N/A N/A SIL®/PL;a N/A N/A
SIL®/PLya SIL©/PL;a
Swing brake release with- Op. SIL®/No SIL ©/No SIL ©/No N/A N/A N/A
ojit command. requirement| require- |requirement
—+ Machine can move ment
very slowly only, due to
hlydraulic leakage. Bys: SIL' ©/No SIL G)/No SIL. 0/No N/A N/A N/A
1 operator is not present. requirement| require- |requirement
ment
Veh. SIL ©/No N/A N/A N/A N/A N/A
requirement| SIL ®/No
require-
ment
SITEERING
Complete Joss’of all steer- Op. SIL®/PLyra | SIL1/PLyb | SIL®/PLya | SIL1/PLyb | SIL1/PL:b | SIL©®/PL;a
ing (either'steers uncom-
mhanded'or not at all while Bys. SIL1/PL:b | SIL2/PL.d | SIL®/PLya | SIL2/PL.d | SIL2/PL.d | SIL1/PL:b
propelling). Veh. | SIL2/PL.d N/A N/A SIL 3/PL;e N/A N/A
—Uperator hias braking SIL3/PL; e SIL 2/PLd
to stop the machine.
— Operator is not warned
prior to loss of steering.
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Table A.4 (continued)
Skid steer
loader and
Articulated | all-terrain
Wheeled . rader, too track
Wheeled | excavator, Wheeled | Articulated Eig for pub- loaders,
excavator, motor .
Failure mode Hazard | excavator, | non-road- non-road.- rader lic ro_ad use, | steel-track
cat. roadable able or bl 8 ; typically | notallowed
<25km/h | roadable aple roadable used in min-| onroad;
<12km/h | <50km/h . i
<40 km/h ing rubber-
<50 l(m,/h tracks
onroad
<25 km/h
Loss of nofmal steering Op. SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL,O/No
while maiptaining another requirement| require- |requirement |requirement | requirement | requiremerjt
steering sfystem (either ment
iﬁgifjsega;:‘glllf’n:‘ftfg‘ﬁl Bys. | SILO/PLa | SIL1/PL;b | SIL®/PLra | SIL1/PL.b | SIL®/PL}4 | SIL©/PL,4
responsiveness, all while Veh. | SIL1/PL;b N/A N/A SIL 2/PLrd NA N/A
propelling). SIL 2/PL;d SIL 1/PL;}
— Operatpr has braking
to stop th¢ machine.
— Operatpr is not warned
prior to lofs of steering.
— Operatpr can switch to
alternate fontrol, such as
joystick.
EQUIPMENT/ATTACHMENT
Blade fung¢tions, bin dump, Op. SIL ©/No SIL ©/No SIL @/No SIL ©/No SIL ©/No SIL ©/No
ripper, bugket curl, and requirement | require- |requdrement |requirement | requirement | requirement
other simjlar, begins to ment
foggggtt})‘;“ig ;‘;?;:ﬁg‘ii Bys. | SIL1/PLyb | SIL1/PL;b} SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL.H
operating|station and can Veh. SIL1/PLyb N/A N/A SIL1/PLrb N/A N/A
react. SIL/PLr b SIL 1/PL; b
— Equipnjent or attach-
ment is tufned- off by a
disabling |ever, switch or
similar.
Rotating dttachments, Op. SIE®/No SIL ©/No SIL ©/No N/A N/A SIL ©®/No
backhoe lpader/hoe requirement| require- |requirement requirement.
functionsfexcavator ment SIL 1/PL;
swing, ex¢avator boom, ¢ for boom|
excavatorfarm, excava- while exitinlg
tor buckefs which can BYys. | SIL1/PL.c | SIL1/PL; | SIL1/PL,c N/A N/A SIL 1/PLy g
crane, stapilizers or skid . . .
Consider SIL | c Consider | Consider SIL
steer loadpr boom arm
functions pegin to move 2/PLrd SIL 2/PLrd 2/PLrd
without cgmmand. Veh. SIL1/PL;c N/A N/A N/A N/A N/A
— Operatpr is presernt in SIL1/PLyc SIL 1/PL.h
operatingfstation’and can
react.
J— Equ1pp antorattach
ment is turned-off by a
disabling lever, switch or
similar.
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Table A.4 (continued)
Skid steer
loader and
Articulated | all-terrain
Wheeled . grader, too track
Wheeled | excavator, Wheeled | Articulated big for pub- loaders,
excavator, motor .
Failure mode Hazard | excavator, | non-road- non-road- rader. lic ro:ald use, | steel-track
cat. roadable able or 8 ! typically | notallowed
able roadable . /
<25km/h | roadable <12km/h | <50km/h used in min-| onroad;
<40km/h | & - ing rubber-
<50 l(ml/h racks
bnroad
<P5km/h
Alutomatic blade/bucket/ Op. SIL ©/No SIL ©/No SIL ©/No SIL1/PLyb | SIL1/PL;b SIL ©/No
bjn control function is require- require- | requirement redquirement.
lgst. Blade/bucket/bin ment, or mentor SIL orSIL 1/ SIL 1/PLyc
moves randomly or in an SIL 1/PL;b, 1/PLyb, if | PLyb, if there fpr boom
ujndesirable location. if there is thereisa |isa potential whiile exiting
— Operator assumed to a potential | potential contacting
b in operator station, contacting | contacting | the operator
bEcause he is compelled to the operator | the opera- | station, or
diisable attachment func- station, or | tor station, | other jobsite
ton when exiting. other jobsite| or other hazards.
— Function is only up and hazards. jobsite
dpwn, or angling. hazards.
- )tz‘t‘:fst}‘l‘i’f‘;;j;‘;ttz‘_S"‘”“g’ Bys. | SIL1/PLcb | SIL1/PLyb | SILZ/®heb | SIL1/PLcb | SIL1/PLcb | SIl.1/PLrb
Veh. SIL1/PL:b | SIL1/PL;b N/A SIL1/PLrb N/A N/A
(SIL 1/PLyb)
Automatic blade control Op. SIL ®/No SIL ©/Ne SIL ©/No SIL ©/No SIL ©®/No SIL ©/No
flinction is lost. Blade/ requirement| requife- | requirement | requirement | requirement | requirement
bucket will not move auto- ment
matically. B
| Function is only up and ys. SIL_@/NO SIL @_/No SIL_@/NO SIL_G)/No SIL_@/No SIL_G)/No
dpwn, or angling. requirements require- |requirement | requirement | requirement | requirement
— Function is not a swing, ment
rptate, side-shifting, etc. Veh. SIL ©fNo N/A N/A SIL ©/No N/A N/A
requirement| SIL©®/No requirement SIL ©/No
require- requirement
ment
Quick couplers: allows Qp. SIL ©/No SIL ©/No SIL ©/No N/A N/A SIL ©/No
aftachment to fall down requirement| require- |requirement requirement
upncommanded. ment
Bys. SIL1/PLrc | SIL1/PLyc | SIL1/PLyc N/A N/A SIL1/PLrc
Veh. SIL ©®/No N/A N/A N/A N/A N/A
requirement| SIL®/No SIL ©/No
require- requirement
ment
ENGINE
Engine'surges, with minor Op. SIL ©/No SIL ©/No SIL ©/No SIL ®/No SIL ©/No SIL ©/No
i pnr‘f on. cpnnr‘ of Pro- rnr}nirnmnnf r'nnlnirn_ rnn‘nirnmanf rn{}nirnmnnf r'nn‘nirnmnnf reduirement
pel, steering, braking or ment
attachments. Bys. | SIL®/No | SIL®/No | SIL®/No | SIL®/No | SILO/No | SILO/No
requirement| require- |requirement |requirement |requirement |requirement
ment
Veh. SIL ®/No N/A N/A SIL ®/No N/A N/A
requirement| SIL ®/No requirement SIL ©/No
require- requirement
ment
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Table A.5 — Generic SIL/PL; chart

pel using service brakes or
other similar device, such
as the F/N/R.

— Service brake capac-

ity is adequate for the
increase stopping force
needed.

Walk- .
Rubber- behind leie-on Wheeled Self-
Crawler . horizontal tractor propelled
. Hazard tyred horizontal . .
Failure mode trencher . . directional scraper, |roller, road-
cat. trencher | directional .
<12km/h <12 km/h drill drill roadable able
<12 km/h <12km/h | <40km/h | <12km/h
STATIONARY MACHINE
Any movement of machine: Op. SIL1/PL:b | SIL1/PL:-b | SIL1/PL:b | SIL1/PL.b | SIL1/PL:b | SIL1/PL;b
such as ar iLuldLiUll,
propel, boom, bucket, Bys. SIL1/PLyb | SIL1/PL:b | SIL1/PL:b | SIL1/PLyb | SIL1/PL:b | SIL1/PLyh
arm, blad¢, dumper bin,
excavator|swing, raising
and lower|functions and
other simjlar, rotating
functionssuch as drilling,
owing, auging,
and similqr begin to move
ded Veh N/A  |SIL1/PL:b |  N/A N/A SH1/PLyb | SIL 1/PLy b
— Stationfpry machine en. / /PLr / SIL1/PL;b /PLx /PLy
— Operatpr is not present
— Disablihg devices/park
brakes applied.
— Enginefcan be running.
— Attachments on ground
where apgropriate for
machines ot in use.
Engine stdrts uncom- Op. SIL1/PLyb | SIL1/PL:b | SIL1/Pkpb | SIL1/PLyb | SIL1/PL:b | SIL1/PL;h
nmaanncd:d During mainte- Bys. | SIL1/PL:b | SIL1/PLyb | SIL@/PLyb | SIL1/PLyb | SIL1/PLyb | SIL1/PL.H
— Battery disconnector is Veh. N/A N/A N/A N/A N/A N/A
locked in position OFF.
WORKING MACHINE
Propel, bgom, bucket, Op. SIL ©/No SIL'®/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No
arm, blad¢, dumper bin, requirement | \require- |requirement | requirement | requirement | requiremerjt
excavator|swing, raising ment
and lower{functions and
other simflar, rotating Bys. SIL_G)/No SIL G)_/No SIL_@/No SIL_G)/No SIL_@/No SIL_G)/No
functions uch as drilling, requifement| require- |requirement |requirement | requirement | requiremerjt
sawing, mowing, auging, ment
and similgr remains sta- Veh. N/A SIL ®/No N/A N/A SIL ®/No SIL ®/No
tionary when commanded require- requirement | requirement
to move. ment
PROPEL/BRAKING
Propel spg¢ed/acceleration Op. SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No
much higlfer than com- requirement| require- |requirement |requirement |requirement | requiremert
manded. ment
— Driving near a lgcation
where thdre cauldbe a col- Bys. SIL_@/No SIL @/No SIL_@/No SIL_@/No SIL1/PL:b SIL_@/No
lision or Where bystanders requirement requlrte- requirement | requirement requirement
are present men
— Operator can stop pro- Veh. N/A SIL1/PLyb N/A N/A SIL1/PLyb | SIL1/PL:b
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Walk-

. Ride-on Wheeled Self-
Rubber- behind .
Crawler . horizontal tractor propelled
. Hazard tyred horizontal . .
Failure mode trencher . . directional scraper, roller, road-
cat. trencher | directional .
<12km/h <12 km/h drill drill roadable able
<12 km/h <12km/h | £<40km/h | <12km/h
Propel speed/acceleration Op. SIL ©/No SIL ©/No SIL 8/No SIL ®/No SIL 6/No SIL ®/No
slightly higher than com- requirement| require- |requirement |requirement | requirement | requirement
manded. ment
— Driving near a location
where there could be a col- | BYS: SIL-O/No SIL G)_/No SIL_@/No SIL.(')/NO SIL_G)/No SIL.@/NO
likion or where bystanders requirement requlrte- requirement | requirement | requirement [\requirement
afe present. men
-1 Operator can stop pro- Veh. N/A SIL ©/No N/A N/A SIL ©/No SIL ©/No
pel using service brakes or require- requirement | requirement
other similar device, such ment
the F/N/R.
— Service brake capac-
itly is adequate for the
increase stopping force
needed.
Complete loss of all brakes Op. SIL1/PLyb | SIL1/PLyb | SIL1/PL:b NSIL1/PL:b | SIL1/PL:b | SIL1/PLyb
for stopping.
1 operator can only allow Bys. SIL1/PL:b | SIL1/PL:b | SIL1/PL:® | SIL1/PL:b | SIL2/PLrd | SIL2/PL.d
njachine to coast to a stop Veh. N/A SIL1/PLrb N/A N/A SIL2/PL-d | SIL2/PL.d
of use attachment in some
cpses.
— Steering remains func-
tlonal for most wheeled
mpachines, but not for
skid steers and crawler
npachines.
Complete loss of service Op. SIL ©/No SIL ©/No SIL ©/No SIL ®/No SIL ©/No SIL ©/No
apd secondary braking. requirement| require- |requirement |requirement | requirement | requirement
— Operator still has at ment
l¢ast one primary control
td stop the machine, such Bys. SH»3/PL-b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b
ap park brake. Veh. N/A SIL1/PL;b N/A N/A SIL1/PL;b | SIL1/PL:b
Complete loss of engine/ Op. N/A N/A N/A N/A SIL ©/No SIL ©/No
tfansmission/ electrical requirement | requirement
retarder. Maintain service,
skcondary, and park brakd Bys. N/A N/A N/A N/A SIL_@/No SIL_G)/No
flinctions. Without warfe requirement | requirement
ing. Veh. N/A N/A N/A N/A SIL ©/No SIL ©/No
requirement | requirement
ny brake applies uncom- Op. SIL®/PLya | SILO®/PLra | SIL®/PLya | SIL®/PLya | SIL1/PL:b | SIL1/PLyb
anded by%perator,
pbtentially'while propel- Bys. S]L.@/NO SIL Q/No SIL.G)/No SIL.@/NO SIL1/PLrb | SIL1/PL:b
lihg at fultspeed requirement| require- |requirement |requirement
Machine skids to a stop ment
ilmest conditions, Steer- \eh N/A SIL1/PL.b N/A N/A SIL1/PL.b [ SII.1/PL:b
ing is very poor.
Swing brake release with- Op. N/A N/A N/A N/A N/A N/A
out command.
— Machine can move very Bys. N/A N/A N/A N/A N/A N/A
slowly only, due to hydrau- Veh. N/A N/A N/A N/A N/A N/A
lic leakage.
— Operator is not present.
STEERING
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Table A.5 (continued)

c Rubber- [:/.‘: E:l;d Ride-on Wheeled Self-
) Hazard rawler tvred horizontal h_orlzqntal tractor propelled
Failure mode trencher y . . directional scraper, roller, road-
cat. trencher | directional . per, !
<12 km/h <12 km/h drill drill roadable able
<12 km/h <12km/h | £<40km/h | <12km/h
Complete loss of all steer- Op. SIL 6/No SIL 8/No SIL ©/No SIL ©/No SIL1/PLyb | SIL1/PL:b
ing (either steers uncom- requirement| require- |requirement |requirement
manded or not at all while ment
propelling). B
__ Operatpr has braking to ys. SIL_@/No SIL @/No SIL.G)/No SIL-O/No SIL2/PLrd | SIL2/PLjd
stop the njachine. requirement| require- |requirement |requirement
— Operatpr is not warned ment
prior to lofs of steering. Veh. N/A SIL1/PL:b N/A N/A SIL 3/PL.e | 'SIL3/PL; @
Loss of nofmal steering Op. SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/Né SIL ©/No
while maiptaining another requirement | require- |requirement |requirement | requirement | requirement
steering sfystem (either ment
steers parfially uncom Bys. | SILO/No | SILO/No | SILO/No | SIL®/No |&SHII/PLrb | SIL1/PLyL
responsiveness, all while requirement | require- |requirement |requirement
propelling). ment
— Operatpr has brakingto | Veh. SILO/No | SIL®/No | SIL®/No SIL@/No” | SIL2/PLyd | SIL2/PLyd
stop the njachine. requirement| require- requirement | requirément
— Operatpr is not warned ment
prior to loss of steering.
— Operatpr can switch to
alternate fontrol, such as
joystick.
EQUIPMENT/ATTACHMENT
Blade fungtions, bin dump, Op. SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No N/A
ripper, bufket curl, and requirement| require»,['requirement | requirement | requirement
other simjlar, begins to ment
fo(‘)'gggtt};;uig ;‘fggjtnﬁl Bys. | SIL1/PL:b | SIL4/PL.b | SIL1/PLyb | SIL1/PLyb | SIL1/PL:b N/A
operating|station and can Veh. N/A N/A N/A N/A SIL1/PLyb N/A
react.
— Equipnjent or attach-
ment is tufned— off by a
disabling |ever, switch or
similar.
Rotating dttachments, Op. SIL ©/No SIL ©/No SIL ©/No SIL ©®/No N/A SIL ®/No
backhoe lpader — hoe requirement| require- |requirement |requirement requiremernt
functionsj)excavator ment
e :Xﬁff’;;;gg:;’or Bys. | SIL1/PLcc | SIL1/PLyc | SIL1/PLcc | SIL1/PLyc N/A N/A
buckets which can crang, Veh. N/A SIL1/PL:b N/A N/A N/A N/A
stabilizer$ or skid steey
loader bo¢m arm fuhctions
begin to njove without
command
— Operatpris’present in
operating station and can
react.
— Equipment or attach-
ment is turned- off by a
disabling lever, switch or
similar.
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Walk-

R . Ride-on Wheeled Self-
Crawler ubber- be'hmd horizontal tractor ropelled
. Hazard tyred horizontal . . prop
Failure mode trencher y . . directional scraper, roller, road-
cat. trencher | directional .
<12km/h <12 km/h drill drill roadable able
<12 km/h <12km/h | £<40km/h | <12km/h
Automatic blade/bucket/ Op. SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL:b | SIL1/PL;b | SIL1/PL:b
E“Bclggg/(;}j:;lectt/lﬁ?nls lost- I g s | siL1/PLeb | SIL1/PLeb | SIL1/PLib | SIL1/PLib | SIL1/PLeb | SIL1/PLcb
njoves randomly or in an Veh. N/A SIL1/PL:b N/A N/A SIL1/PLyb |SIL1/PLyb
undesirable location.
— Operator assumed to
bk in operator station,
because he is compelled to
djisable attachment func-
tlon when exiting.
— Function is only up and
dpwn, or angling.
— Function is not a swing,
rptate, shifting, etc.
Automatic blade control Op. SIL ©/No SIL ©/No SIL ©/No SIl/©/No SIL ©/No SIL ©/No
finction is lost. Blade/ requirement| require- |requirement \requirement | requirement | requirement
bucket will not move auto- ment
npatically.
| Function is only up and Bys. SIL.@/NO SIL Q/No SILIO/NO SIL.@/NO SIL.@/NO SIL.@/NO
dbwn, or angling. requirement| require- |reguirement |requirement |requirement | requirement
— Function is not a swing, ment
rptate, side- shifting, etc. Veh. N/A SIL ©/No N/A N/A SIL ©/No 9IL ©/No
requires requirement | requirement
ment
Quick couplers: allows Op. N/A N/A N/A N/A N/A N/A
aftachment to fall down
uhcommanded. Bys. N/A N/A N/A N/A N/A N/A
Veh. N/A N/A N/A N/A N/A N/A
ENGINE
Engine surges, with minor Op. SIL' ®/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No SIL ©/No
impact on: speed of pro- requirement| require- |requirement |requirement |requirement |requirement
PEl, steering, braking or ment
aftachments. Bys, | SIL®/No | SIL®/No | SIL®/No | SIL®/No | SIL®/No | SIL®/No
requirement| require- |requirement |requirement |requirement |requirement
ment
Veh. N/A SIL ®/No N/A N/A SIL ®/No SIL ©/No
require- requirement | requirement
ment

T

-

kample SILs/PLrs were determined from risk assessments of worst-case hazards associated|with the
glven machine form. It is recommended that specific risk assessments be conducted using Annek A of the
ifst’part of ISO 15998, for different machine forms, special applications or other special considlerations.

A.3.3 The schematics in Figures A.2 to A.5 are example configurations demonstrating systems that are
consistent with the generic SILs/PL;s of Tables A.2 to A.5 . Other configurations are, of course, possible.
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Example of System Block Diagram for Steel-Tracked Dozer

Vi

4

Power Supply Function

N

| Battery | )

al

1

Battery Disconnect Switch

.

al
1

Throttle Lever or Dial

N,

Power Train / Steering Function

o]  De-Activating Devices - = >0peration
for I Electric System I .
\ . >Signal
" Engine Function == \ >Electrical &
» Decel Pedal Mechanical
Engine Power

>Cut off function

Operator

N,
1

Vg
4
> FNR&Sg?%SViStZT Lever Final DfiveRight
Power Train *

:: Steering Levers I Final Drive Left I
o Y
,~~ Brake Function (Service, Parking) == —========" - ﬂ ~

| Parking Brake Lever or Switch Hydraulic System

" Brakes

:: Brake Pedal(Service) Hydraulic Syste

\\

-

’

Implement Function

v

Implement&Attachment
Control Levers

@a Hydratlic System

Implement (Blade, Ripper)
& Attachment Actuators

Figure A.2 — Steel-tracked crawler dozer
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Example of System Block Diagram for Crawler Excavator

4

L

-

Power Supplv Function

.,

| Battery

al

1

Battery Disconnect Switch

| \

\,

1

De-Activating Devices
for Implements&Attachments

| Electric System

=

Engine Function

®» -Operation

>Signal

>Electrical &
Mechanical

@ Power

Operator

o |

\

'I

Throttle Lever or Dial

Engine

’

-

Propel Function

>Cut off funetipn

al

1

Travel Control Levers

Travel Speed Selection Switch

Implement Function

Final Drive Left [
Final-drive Right |

R —— 4

Park Brake |

Implement&Attachment
Control Levers

Hydraulic System

Implement (Boom, Ar|
Bucket) & Attachment
Actuators

4

-

Swing Function

al

“1

Swing Control Lever

[@:H Hydraulic System

!

Swing Actuator |

A 4

al

\,

“1

4

Swing Lock Switch or Lever l >| Hydraulic System

-| Swing Lock Actuato |

Figure A.3 — Steél-tracked crawler excavator
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Example of System Block Diagram for Articulated Dump Truck/Rigid Frame Haul Truck

Kes Power Supply Function ~
I Battery I =P >0peration
:: Battery Disconnect Switch :> >Signal
»>Electrical &
\ I Electric System I Mechanical
’
~, Cd
= Engine Function N Power
>Cut off function
:: Throttle Pedal I::N Engine I

Power Train Function

\
N - Final drive, Steered
> Shift Lever wheels
__________________ ~4
e Brake Function (Service, Secondary,Parking) “=~~~ Il BB W ~~ "~~~ """""" 5~
4 It may be designed to comply with 1ISO3450. 3
:! Parking Brake Lever or Switch Brake Actuator
Opetator I:I
:: Brake Pedal(Service) Brake Actuator I
Brake Pedal or Lever Brake A I I
Y (Secondary) rake Actuator }
\*- ,/'
r— Implement Function
:: Hoist Control Lever Hydraulic System Hoist Actuator I
\,
” Steering Function N
It may be designed to comply with 1ISO5010.
:I Steering Wheel Hydraulic System Actuator for Steering I
Emergency Power
N ’

Figure A.4 — Articulated dump truck/rigid-frame haul truck
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Example of System Block Diagram for Articulated Wheeled Loader

- Power Supplv Function

I' \\
I Battery I
:! Battery Disconnect Switch l:>@ == >0peration
|::> >Signal
> De-Activating Devices - & .
] for Implements | Electricsystem | >Electrical &
Y
~ ’
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Figure A.5 — Articulated wheeled loader

A.4 Contributions to the risk reduction of the MCS

Various methods can be used for the reduction of hazards (see, for example, ISO 13849-1:2(06, 4.2).
For construction equipment, the following rules may be used directly in the risk assessment, hut could
ré¢quiresfurther analysis. The failed portions of a control system, such as braking, steering, propel or
attachment control, can have the risks mitigated by using the methods below. The overall SIL/PL;
rémainsa > same hij i inationsof features allow parts systein to have
lesser requirements.

NOTE1 Combinations of lower SIL/PL; systems can be combined electronically in ways not described below.

IEC 61508-6:2010, Annex B, addresses these, in which case the control system as a whole remains at the higher SIL/PL..

NOTE 2  The difference between a SIL 1/PL;b and SIL 2/PL,d system is that the reliability of SIL 2 is effectively
10 times more reliable with respect to the undesirable failure mode.

A.4.1 Redundant control systems

Operators can change control actuators to prevent accidents. Machines with redundant controls that
approximately mimic the function of each other may lower the SIL/PL; by one for each of the sub-systems
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making up the total system (provided the particular failure mode in question does not result in both
primary controls failing simultaneously.)

EXAMPLE1 A full loss of service and secondary braking is SIL 2/PL; d for an articulated dump truck. If there
is a park brake with dynamic stopping capability per ISO 3450, then the requirement of the service brake can be
lowered to SIL 1/PL b.

EXAMPLE 2 A full loss of all steering (e.g. of normal and emergency steering power sources) is SIL 3/PL; e for
most wheeled machines used onroad to >25 km/h. A machine can have a mechanical/hydraulic steering wheel
system as a primary steering system and an additional electro-hydraulic joystick steering system. In this case,
it is acceptable for the joystick electrical control system requirement to be SIL. 2/PL d if these steering systems
comply wjith ISO 5010. It is the combination of the individual steering systems of lesser SILs/PLs working togethgr
that prov|des an overall SIL 3/PL; e system.

EXAMPLE 3  If there is an additional method of steering — such as when both an electro-hydraulic'joystigk
steering gystem and a mechanical/hydraulic steering wheel system are primary steering systems ~~ then it|is
acceptable that the requirement be SIL 2/PL d with respect to the joystick electrical control system(s), if these
steering §ystems comply with ISO 5010. It is the combination of the individual steering systems-.oflesser SILs/PLs
working ffogether that provides an overall SIL 3/PL; e system.

A.4.2 Advance warning

Failure modes which occur with adequate warning time to safely stop a machine, thereby reducing the
hazardo{is condition, can lower the SIL/PL\ by one level for the control system (provided the particulgr
failure njode in question will not result in both the function and the{varning failing simultaneously).

EXAMPLH A full loss of primary and emergency steering is SIL 3/PL; e for wheeled machines used onroad.|If
there is ajwarning in time to allow the operator to steer safely to a stop, then the steering control system by itsglf
need only be designed to SIL 2/PL d.

A.4.3 Disablement

Disabling a control, either automatically or through-a compulsory action of the operator, can significant]y
reduce the risk of uncommanded motion whenxthe operator leaves the operator station; therefore the
SIL/PL; ¢f the basic control can be less by one'with respect to injuries to persons standing on the grourd
and at rigk from un-commanded motion.

EXAMPLJ If a fault in a SIL 1/PL; btbasic propel system is detected by another monitoring system that|is
capable of transitioning safely to a neutral condition, then the overall system is SIL 1, but the “basic” portion pf
the propel and monitoring systemsmay each be a SIL ©/PL a/(where each system’s failure rates are less than one
failure/1(4 h of operation).

A.4.4 (ountering

Some failure modes.ofiacontrol system are such that the operator can stop an uncommanded movement
in one difrection bysdpplying a command in the opposite direction. Countering can significantly reduge
the risk pf uncemimanded motion, provided there is also a method of positively disabling the contr¢
such as g park\brake or hydraulic enable.

-

EXAMPLE he neutral point-ofacontroller shiftsaws om-thecentre point-on-a-variable-input-devide,
the operator can move the input device in the opposite direction to counter the fault. A more specific example
would be on a skid steer where the propel system may fluctuate depending on the sensor input (or the slope of the
worksite). This can make it is necessary to command a small amount of propulsion to hold the machine stationary.
Movement of the machine when the propel control is in neutral is still SIL 1/PL; b for the overall controls system,
but the sensor failure mode is not considered SIL 1/PL; b, but rather SIL ©/PL a. Similarly, if the boom on the
machine drifts down due to sensor drift (or hydraulic leakage) itis also SIL ®/PL a. The presumption in both cases
is that the operator will be able to adjust to these situations, and has the option of locking the machine to prevent
them occurring.
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A.5 Riskreduction chart

Several methods can be used to determine if the SRP/MCS specifications fulfil the safety concept as
defined from the SIL and associated PL; level. These methods are defined in detail within the normative
references of ISO 15998.

The strategy for risk reduction for SRP/MCS covers the whole life cycle of the machine and includes the
safety concept. The hazard analysis and risk reduction process for a machine requires that hazards be
eliminated or reduced through a hierarchy of measures:

ALS.l Risk reduction process used to achieve tolerable risk (adequately reduced risk)
0

e significant method associated with the safety concept is the risk reduction processnRisk reduction
cqn be achieved by applying various protective measures — both SRP/MCS and non-M(QS— with the end
r¢sult of achieving a safe condition (see Figure A.6).

R'!I

Kpy

Ry, for a specific hazardous situation, the risk before protective measures are applied

R risk reduction required from protective measures

R actualrisk'reduction achieved with protective measures

1 solgtion 1: important part of risk reduction due to protective measures other than MCS (fe.g.
mechanical measures), small part of risk reduction due to SRP/MCS

2 solution 2: important part of risk reduction due to the SRP/MCS (e.g. interlocks), small part of risk
reduction due to protective measures other than MCS (e.g. mechanical measures)

3 adequately reduced risk

4 inadequately reduced risk

R I ;D}\

R1srp/cs R2srp, risk reduction from the safety function carried out by the SRP/MCS

s

R1m, R2Mm risk reduction from protective measures other than SRP/MCS (e.g. mechanical measures)

a  Residual risk obtained by solutions 1 or 2.
b Adequately reduced risk.

Figure A.6 — Overview of risk reduction process for each hazardous situation

Another way to illustrate this concept is with a non-electrical MCS braking system and a combined
braking system with mechanical and electric-hydraulic MCS, as in Table A.6.
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Table A.6 — Examples of risk reduction for braking systems

Tolerable risk

Examples

[Piebe] o a Non-electrical braking system(s)

Completely redundant secondary

dynamic parking brake as backup to

cprnndnr‘y brakes

Ei_} braking system with additional

| L A Combination of E/H park and second
—— % & ary brake and primary non-eleetrica

braking system

[1] 2] Proven common components for EH
PB/secondary brakes!

Risk represented.as'SIL

In the illystration of Table A.6, the risk assessment determined a SIL 2/PL, d levehwas required regardle
of the type of MCS. The machine is fitted with a traditional non-electric brakingsystem in compliance wif
a C-type |evel safety standard — here, ISO 3450 (shown in grey). The non-électric braking system is trip,
redundapt and provides a safe state for any single failure resulting in a Pi-that exceeds the SIL 2/PL, d.

The second system (in black and white) comprises electric/hydranlic (E/H) secondary and park brak

systems pnd a non-electrical primary braking system. This combination also provides triple redundanc
and proyides a safe state for any single failure resulting in a ‘€pmbined PL that exceeds the SIL 2/PL;
The EH gortion of the system is evaluated as having SIL 1/PLs- b performance and consists of proven-i
use comjponents.

EMMs are commonly fitted with similar redundant’systems for steering. A similar example cou
be offer¢d for a combined steering system comprised of a EH steering system having a SIL 1/PL
performfnce and mechanical-hydraulic redundant steering system having SIL 2/PL d performance. T}
combinagion of both of these systems is additive and would result in a SIL 3/PL; e performance level.

A.5.2 Risk reduction via an operator protection device

The risk$ associated with exitingthe operator station of a skid steer loader having the boom lower ar

SIL 1/PL§ c. If there is an interlock, such as a lap bar, that positively disables the hydraulic system (i|
locks the position of the boafregardless of the basic control system, while exiting the operator statior]
then the|combination of the\two separate systems basic and lap bar disabling, can meet the SIL 1/PL;
requirenjents. The basic control of the boom relative to the operator could then have a lower SIL ©/N
requirenpent design.

NOTE The riskoof injury to the bystander is not lessened by the lap bar and is SIL 1/PL b. Therefore, the fy

reduction for the-basic portion of the control cannot be realized unless other provisions of the design address the

hazards tp the'bystander.

5S
h
le
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Annex B
(informative)

Guidance for describing the ISO 15998 safety concept

controlled by aMCU and the operator’s electronic directional control shifter. As one portion of the

smission

process,
this information would be used to demonstrate the compliance of the safety-related transmisgion MCS
and electronic control shifter with ISO 15998:2008, 4.2, bullet one, 4.3, 4.4, 4.5, 4.7, 5.2, 5.3, 5.4 and 5.5
(dnd the corresponding sections of ISO 15998-1). Each SRP/MCS for the wheeled loader would need a
similar safety concept description. Diagrams and schematics would be required imhost actual[systems,
blit have been omitted here for the sake of brevity.
Table B.1 — Wheeled loader — Propel direction MCS = Example
Safety concept description ele-
ments from ISO 15998:2008 E/E/PE system being described= Example — Transmissign MCU
[1SO 15998-1]
4.2 [First bullet point] a list of all Transmission: power shift;torque converter
sfstem units used by the safety Solenoids to control tran§mission gear and direction
rglated functions F/N/R (forward/neutral/reverse) lever to input direction, made fip of
three switches
Harnesses to electtically connect the system
Electrical power supply — Alternator and battery
4.3 Description of basic function |[F/N/R direection is three digital inputs:
a) Forward signal (F) [0,0-0,5V =notinF,
4,5-50V=F
b)Meutral signal (N) 0,0-0,5V =notinN,
4,5-5,0V=N
c) Reverse signal (R) 0,0-0,5V =notinN,
4,5-5,0V=N
Output direction solenoids
Forward solenoid 0,0V=NorR,24V=F
Reverse solenoid 0,0V=NorF 24V=R
Open loop system
Loader can be in forward, neutral or reverse. There are four spedds in
forward, three in reverse. Maximum speed is 40 km/h.
4.4 Risk'analysis and assessment |The risk assessment indicates the machine propelling while operjator
commanding N, is SIL1/PL; b.
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Table B.1 (continued)

Safety concept description ele-
ments from ISO 15998:2008 E/E/PE system being described — Example — Transmission MCU
[ISO 15998-1]

4.5 Performance criteria for the |Redundancy

safety concept F/N/R input sensors must agree to be a valid state.

If F input = 4,5-5,0 V, then N and R must both be at 0,0-0,5 V.

If N input = 4,5-5,0 V, then F and R must both be at 0,0-0,5 V.

If R input = 4,5-5,0 V, then N and F must both be at 0,0-0,5 V.

Fault detection

If F/N/R input signals are not in a valid state for more than 50 ms, then|a
fault is detected.

Whenever any of the F/N/R input is (<0,0 V) or between (0,5 and 4/5 V)
or > 5,0V, then fault is detected.

Safe state

— When F/N/R fault is detected, transmission controller+emoves all
power to Forward and Reverse solenoids.

— Loss of power to overall machine, transmission controller, F/N/R, or
solenoids, results in machine returning to Neutral

FTA/FMEA/Risk assessments (not included) ihdicate automatically
returning to N on a loader is low risk. Operdtor will still have fully func-
tioning braking systems.

A test harness is attached for the F/N/R,which can simulate all valid con|
ditions, and fault conditions relatedto.redundancy, and invalid voltage
ranges.

FTA/FMEA/Risk assessments {not included) indicate that shifting imme
diately to N on a loader is low risk. No transition is needed. Operator will
still have fully functioninghraking systems.

Towing provisions are provided in the operator’s manual, to allow
removal machine fromithe work site.

4.7 Emeygency stop function Emergency stop is not required per the safety concept. None-the-less, th¢
machine is provided with an emergency stop function, via the key switcH,
which has the eapability of returning the machine to N in all conditions at

any time.
5.2 Faulf avoidance and fault Analysis/per 5.2 is to be performed, as system is SIL 1/PL; b on the transt
control mission controller.

5.3 Reqyirements for program- _ {|Software will be developed according to SIL1/PL;b.
mable electronic systems (PES)

5.4 Malffinction or failure ofthe |Safe state
electronfic components used in — When F/N/R fault is detected, transmission controller removes all
the mazxine-control systems power to F and R solenoids.

—Loss of power to overall machine, transmission controller, F/N/R, or
solenoids, results in machine returning to neutral

FTA/FMEA/Risk assessments (not included) indicate that shifting imme
diately to N on a loader is low risk. No transition is needed. Operator will

still have fully functioning braking systems.

5_5 Resta_r_t.u_p_Pl:ocednrn Oncethemachine hac antered N bhecause of 2 faulted r‘r\nr‘ifinh’ it remain
in N until a valid N command is received at the transmission controller.
After a valid N is received, the machine is then capable to once again shift
to F or R per the operator’s command.
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Annex C
(informative)

Example of compliance with ISO 15998

Thisannex summarizes one path to compliance with ISQ 15998 for EMMs (earth-maoving machines), using

lpwcharts from ISO 13849-1. See also ISO 12100 (and, for another option, IEC 61508-1:2010,Figure 2).

-
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the machinery?®

Determination of the limits of

Risk assessment carried
out in accordance with
ISO 14121 /1S0O 12100

Yes

Hazard identification?

Risk estimation®

Risk evaluation®

This iterative risk reduction
process shall be carried
out separately for each

condition of use (task)

No

Has the risk
been adequately
reduced?

Risk reduction process
for the hazard:
1 by intrinsic design;
2 by safeguards,
3 by information for use®

Does the
protective measure
selected depend on a
control system?

|
|
I
|
|
|
|
|
| hazard under each
|
|
|
|
|
|

% other

hazards
generated?

Iterative process of the design

of safety-related parts of the
control system (SRP/CS)°

Yes

No

See 1SO 12100.
See Figure C.2 (ISO 13849-1:2006, Figure 3).
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Identify the safety functions to be performed
> by SRP/CSs

A 4

For each safety function specify the required
characteristics (see Clause 5)

A

A 4
Determined the required performance level PL,
(see 4.3 and Annex A)

For each <

selected - - * -

safety DeS|gn and technical realisation of the safety
function function;

Identify the safety-related parts which carry out the
safety function (See 4.4)
T

Evaluate the performance level PL (see 4.5)
considering:

- Category (see Clause 6)

- MTTF, (see Annexes C and D)

- DC (see Annex E)

- CCF (see Annex F)

- If existing: software (see 4.6 and Annex J)

of the above safety-related parts

Verification of PL farthe
safety function:

Is PL 2 PL,.?7(5ee 4.7)

Validation (see clause 8%)
Are all requirement met ?

Have all safety functions

been analysed ?

Yes

To Figure 1 (ISO 12100)

Cross-references in the diagram are to ISO 13849-1:2006.

control systems (SRP/CS) (ISO 13849-1:2006, Figure 3)
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Annex D
(informative)

EMM example for complying with ISO 15998

Table D.T—1SO 15998 verification checklist— Exampie

1SO 15998-1:2008/1S0O 15998-1 — General require- . Completed - . e . G .
Function Compliance and verification cniteria
ments Yes/No/%
4.2 Descrigtion of the SRP/MCS contains the following: See below.
4.2.1 List of all system units (i.e. Control unit of transmis- Product List of all safety-related eontrollers for the
sion) used by the safety-related functions. design machine — use machineelectronic specificg-
tion.
4.2.2 Scherpatic layout of the connection devices (i.e. Wir- Product Technical manualk= hydraulic and electricall
ing) and syptem units (i.e. controllers), representing the design schematics fot the machine.
safety-related functions of the MCS.
4.2.3 Electfical system connection illustrated in a suitable Product Techniealmanual — electrical schemat-
way (i.e. cifcuit diagram) and shall unambiguously clas- design ics forithe machine and wiring installation
sify each cqnnection device (e.g. wires) in relation to the drawings.
system unifs (e.g. By terminal identification).
4.2.4 Systen units (control units) marked by an identifica- Product ‘Wiring installation drawings.
tion code (¢.g. numbers, symbols, characters), so that the design
correlationfbetween the illustration of the system and the
MCS installed in the machine can be verified.
4.2.5 By us|ng the identification code, the system units are Product Wiring installation drawings with connec-
in agreemejnt with the documentation with regard to the design tions identified.
basic functjon, safety concept and interfaces.
4.2.6 Systen description also includes requirements for Product Specifications for machine, and software,
the envirojmental conditions during the intended opera- design hardware and MCS requirement documents
tion of the fnachine:
— Climatic|conditions (temperature, humidity Product Same as above.
design
— Mechanijcal conditions (vibration, shock) Product Same as above.
design
Product Same as above.
— Corrosidn conditions (salt spray, gas pollution) design
Product Same as above.
— Electricql conditions (over- and-imdeér-voltage) design
— Electrorpagnetic conditions Product Same as above.
design
— Power-spurce-voltagexfluctuation Product Same as above.
design
4.3 Basic fynction ‘ofthe MCS specified in a short descrip- Product Specifications for machine, software, hard-
tion, which{may be supported by graphical tools, such as design ware and MCS requirement documents; blogk
functional $chematic or block diagrams, to contain the diagram with functional descriptions of each
following: block; circuit diagram for external connec-
tion and description of external signals.
4.3.1 Enumeration of the input types and values of the Product MCS requirement documents.
MCS. design
4.3.2 Enumeration of the controlled output types and Product MCS requirements documents.
values of the MCS. design
4.3.3. Open-loop and closed-loop control objectives and Product MCS requirements documents.
data/sensors used. design
4.3.4 Permissible operating and adjusting ranges. Product MCS requirements documents.
design
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IS0 15998-1:2008/1S0O 15998-1 — General require- . Completed - . P -
Function Compliance and verification criteria
ments Yes/No/%
4.4 Risk analysis and assessment of the MCS shall be car- Product Use ISO 13849-1:2006, Tables A.2-A.5:
ried out using the systems description in accordance with | design and generic SIL/PL; chart from risk assessments
4.2 to evaluate the hazards. product veri- or equivalent.
fication
4.5 Performance criteria for basic concept and system Product MCS requirements documents including
function specified by the manufacturer for the safety con- | design and safety concept. All relevant FMEAs to verify
cept of the machine taken into account during development | product veri- the safety concept.
apt-productionofthe MES—Thesafetyeconeceptineludes freation
al]l measures which provide for safe operation beyond the
standard operation. These are to be listed in a generally
uhderstandable way, such as in the following examples:
— Redundancy MCS requirements documents
— Fault-detection procedures MCS requirements documents
— Safe state, a safe state may initiate, for example, an MCS requirements documents
eergency motion function [reduced system performance
of substitute function(s), automatic shift into a substitut-
ifjg function along with indication to the operator (i.e.
alarms, indicators, derated performance)].
4]6.1 Environmental conditions in which the machines are Product Gerferal specifications for maching, and
ufed the basis for the specification of the MCS. verification software, hardware and MCS requlirements
documents
4]6.2 Environment temperature and humidity Product Comply with internal company pr¢duct
verification verification test methods and progedures
for electrical and electronic comp¢nents and
systems which exceed those of the first part
of ISO 15998.
4]6.3 Degree of protection (IP code) Produet Comply with internal verification fests for
verification electrical and electronic componepts and
systems
4]6.4 EMC Product Comply with ISO 13766 and internfal com-
verification pany EMC testing criteria which exceed those
of the first part of ISO 15998 and IFO 13766.
4]6.5 Mechanical vibration Product Comply with internal verification fests for
verification electrical and electronic componehts and
systems
4]6.5 Mechanical shock Product Comply with internal verification fests for
verification electrical and electronic componepts and
systems.
5|1 MCS that have a minimum,SIL 17/PL; b or equivalent Product Comply with both parts of ISO 15998.
($IL 1-3/PLy b-e) fulfil the following additional require- design and
nflent in accordance with the€ visk assessment: product veri-
fication
5|2 Fault avoidanceand fault control Product MSC specification including fault qvoidance
design and and fault control as defined in Clayse 5 of this
product veri- part of ISO 15998 (as per 5.3, 5.4 and 5.5 of
fication this table). Certification of quality|assurance
program for the manufacturer perfISO 9001
to ISO 9004 or equivalent.
5|3 Requirements for programmable electronic sys- Product Comply with internal company — pmbedded
tems (PES) have the software developed and validated design and Soltware documentation specification for the
according to appropriate measures (e.g. IEC 61508-3 or product veri- software requirements specification; inter-
ISO 13849-1:2006). fication nal company — machine system software
evaluation for validation
5.4 Malfunction or failures of the electronic components Product MCS requirements documents including
used in the MCS — entering of the safe state achieved in design and safety concept and safe state. (loader exam-
the case of the malfunction or failure of the electronic product veri- ples in Table D.1)
components used on the MCS, in accordance with risk fication
assessment.
5.5 Restart-up procedures — automatic restart-up in the Product MCS requirements documents including
case of a fault that disappears not allowed unless the eval- | design and description of the safety concept and safe
uation of the risk assessment demonstrates safe operation |product veri- state.
can be maintained. fication
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Table D.1 (continued)
IS0 15998-1:2008/1S0O 15998-1 — General require- F . Completed - . e . -
unction Compliance and verification criteria
ments Yes/No/%
6 Documentation — manufacturer retains, according to Product Listed above in 4.2 to 4.6.5.
the manufacturer’s record retention policy, all relevant design and
documents for the general safety requirements of the MCS | product veri-
in accordance with Clause 4 of the first part of ISO 15998. fication
7.1 Tests give in 7.2 are intended to meet the general Product Verification testing according to Clause 7
requirements for SRP/MCS. However, alternative means verification of the first part of ISO 15998 (see specifics
for verification are also permitted. Tests may be perfor- below).
mance at thesystemrunitieveHeg—stb-assemblyofthe
MCS and sejquentially.
7.2 Tests fof SRP/MCS — test content: test of basic func- Product Internal company verification tests and
tions per clhuses 4.2 and 4.3; entering of safe-state test verification formal test requirements for electrical’and
(see 5.4); fynctional test at operating temperature and electronic components and systems; interngl
humidity ppr 4.6.2 and 7.2.2; EMC test per 4.6.4; shock and company procedures for machine-level elec
vibration t¢sts per 4.6.5, 7.2.3, 7.2.4. trical functional checkout{internal company
procedures for machinelsystem software
evaluation; product safety and compliance
functional verification-of compliance with
ISO 13766 and thefjrst part of ISO 15998
7.2.2 Test of the functioning of the SRP/MCS at environ- Product Comply withsinternal company product
mental tenfperature and humidity given in 7.2.2, while verification verification.test methods and procedures
meeting th performance requirements given in 4.6.2, of for electrical and electronic components angl
the first paft of ISO 15998. systems which exceed the criteria of the firgt
partof ISO 15998-1. Retain test require-
ments that were met.
7.2.3 Vibration test should be performed with components Product Same as above.
of MSC in the same position and with the same mountings | Verification
as those fitfed on the machine.
7.2.4 ShocKltest should be performed either in accordance Product Same as above.
with the mginufacturer’s specifications or using guidance Verification
of IEC 60048-2-27.
7.2.5 Additjonal functional tests for SRP/MCS. Shall Product Comply with product verification tests and
conduct sitpple software functional test and an expanded | Verification formal test reports for machine-level electry-

functional

NOTE A

estin accordance with IEC 61508-7.

besides thqse of IEC 61508.

Iternative means for verification are permitted

cal functional checkout.
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