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The objective of this research was to provide guidelines for the reliable assessment of ergonomic exposures 
in construction work. Using a modified work-sampling approach, two or three observers collected a total of 
4852 observations on tasks performed by three trades (iron workers, carpenters and laborers) for periods of 
several weeks. At each observation, recorded exposure variables included non-neutral trunk posture, trunk 
flexion, lateral bending or torsion, arm(s) at or above shoulder height, kneeling, squatting or leg bending, 
load handling, manual materials handling, hand-tool use and power-tool use. The· frequency of exposure 
was calculated for each worker during each of the tasks on each of the days. ANOV A was used to assess 
the importance of task, between-worker variability and within-worker variability on exposures across days. 
A statistical resampling method (bootstrap) was then used to evaluate the reliability of exposure estimates 
for groups of workers performing the same task for different sampling periods. Most ergonomic exposures 
were found to vary significantly among construction tasks. In most cases, the between-worker component of 
variance within task was overshadowed by a large within-worker component of variance· thought to consist 
largely of day-to-day differences in exposure and measurement error. When the average frequency of the 
ergonomic exposures was bootstrapped, the reliability of the most variable exposures tended to improve as 
the assessment periods approached 5 to 6 days, with marginal improvements for assessment periods longer 
than 6 days. Reliable estimates for the least variable exposures were obtained with l or 2 days of 
observation. Based on this study, a task-based approach for classifying ergonomic exposures may benefit 
epidemiologic research and the evaluation of controls in construction work. A preliminary analysis of 
exposure variability is recommended when determining sampling strategies, and when multiple exposures 
are assessed simultaneously, sampling periods exceeding 6 days may be required for reliable measures. 
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INTRODUCTION 

Although job title is a common surrogate for exposure in 
epidemiologic studies (Burdorf, 1993; Hagberg, 1992) and, in 
practice, ergonomic exposures are often evaluated at the 
occupational level, it is recognized that characterizing exposures 
for individuals over a time period thought representative of the 
work activities will greatly improve the quality of the exposure 
information needed for epidemiologic research and will provide 
more detailed information necessary for the evaluation of 
controls. Unfortunately, multiple workers over long mesaurment 
periods may be necesary for reliable measures of exposures for 
jobs that require a variety of work tasks and working situations. 
Winkel and Mathiassen (1994 ), among others, have indicated 

other workers performing the same job tasks within a given 
occupation. 

the need to develop efficient and reliable exposure assessment 
strategies for variable work. 

Numerous discrete interval observational sampling approaches 
have been developed to measure to the postural and physical 
demands of non-repetitive work (e.g., Karhu et al., 1977; van der 
Beek et al., 1992; Buchholz et al., 1996). While these methods 
have been used extensively to measure the physical requirements 
for different occupations or job tasks performed by an 
occupation, very little attention has been given to the actual 
number of workers and amount of observation time needed for a 
reliable estimate of group exposure that can be generalized to 

Obtaining reliable measures of group and individual exposure 
requires knowledge about how exposures vary over time and 
among workers within a particular group. What is known about 
how ergonomic exposures are distributed among workers and 
over time has been generally restricted to the study of postural 
load on the back for relatively few occupations (e.g., Burdorf et 
al., 1994; van der Beek et al., 1995; Burdorf, 1995; Burdorf and 
van Riel, 1996). In construction, the distribution of tasks 
performed by individuals of a particular trade is highly variable. 
The dynamic environmental conditions, as well as differences 
among individuals (e.g., work methods and anthropometry), are 
additional potential sources of exposure variability. The 
objective of this research was to provide guidelines for the 
reliable assessment of different types of ergonomic exposures in 
construction work. 

METHODS 

Study Site, Population and Tasks Performed 

The study site was a large highway and tunnel construction 
project located in Boston, MA. This project is a multi-billion 
dollar effort to build a tunnel under Boston Harbor and depress 
several miles of interstate highway underneath the city. It 
involves many contractors and subcontractors and thousands of 
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construction workers over the course of the project. Iron 
workers, laborers and carpenters were selected because together 
they represented approximately half of the total work force on 
the project. Each trade was employed by different contractors 
and worked on different site locations. 

In highway construction, iron workers are responsible for 
placing and connecting steel rods (rebar) that reinforce concrete 
structures (e.g., roadway bases, bridges, ramps and tunnels), 
carpenters construct the forms needed for concrete structures, 
and laborers perform a variety of support tasks which included 
pouring concrete, erecting scaffolding, housekeeping, stripping 
forms, and manually excavating and fortifying shafts and 
tunnels . 

The evaluation was performed on iron workers reinforcing 
concrete, laborers assisting with the construction of a utility 
shaft and carpenters building and erecting forms . Data for each 
trade were collected separately. 

Data Collection 

PATH (Buchholz et al. , 1996) was used to characterize 
ergonomic exposures for the tasks of each operation. 
Observations are made in real-time at fixed, short intervals. At 
eac_h _o_bservation, the observers coded the task, body postures, 
act1v1t1es, loads handled and tool used (if any) for a single 
worker, in a checklist type format. 

Observations were made repeatedly on crews of workers over 
periods of several days or weeks. Two or three observers 
collected PATH data on workers in each of the trades. At the 
beginning of a day's data collection, each observer selected a 
crew of 4 to 10 workers to follow for sampling periods of 3 to 4 
hours. The iron workers and carpenters were sampled in a 
random sequence within crews throughout each sampling period. 
For the laborers, each observer randomly selected a single 
worker to observe for the day. With both approaches, 
observations were made at fixed 45 or 60 second intervals. 
Each operation was observed for 10 to 15 days over a period of 
4 to 5 weeks. Prior to formal data collection, PA TH coders 
spent 2 to 3 days observing each operation, piloting the PA TH 
data collection and checking inter-observer reliability of coding. 

For the iron workers, a total of 1790 observations were made 
on three tasks (ground-level rebar construction, wall-rebar 
construction and preparation work), with 15 to 17 workers 
observed performing each task on 10 to 13 days. For the 
laborers, 3219 observations were made on 4 tasks (top work, 
manual excavation, pit-wall construction and miscellaneous 
work), with 7 to 10 workers and 9 to 13 days of observation for 
each task. Eight hundred forty-three observations were made on 
three carpentry tasks (building forms in a carpentry shop, 
building forms in the field and erecting forms), for which 4 to 8 
workers were observed performing each of the tasks over 6 to 8 
days. 

Exposure Variables 

For each of the l O tasks, nine exposure variables were 
evaluated: 
• any non-neutral trunk posture (flexion, lateral bending or 
torsion~ 20 degrees) 
• trunk flexion ~20 degrees 
• lateral bending or torsion ~20 degrees 
• arm(s) at or above shoulder height 

• kneeling, squatting or leg bending (>35 degrees) 
• moderate or heavy load handling 
• manual materials handling (MMH) (lift, lower, carry, move, 

push or pull) 
• hand-tool use 
• power-tool use 

The frequency of exposure was the percentage of time that an 
exposure was observed during a day, calculated as the ratio of 
the number of observations with the exposure to the total 
number of observations for a worker or group of workers in one 
day of observation. 

Data Analysis 

Data management. Data for all operations were scanned into 
a personal computer using optical mark recognition software 
(Remark Office OMR, Principia Products, West Chester, PA). 
The data were visually reviewed for scanning errors and 
corrected as necessary by manual data entry. The data were 
analyzed with the Statistical Analysis System (SAS) for the PC 
(SAS Institute, 1992). Missing data were excluded from the 
analysis. The exposure frequency ( estimated percent of working 
time exposed) was calculated for each worker on each day of 
obse~vation for each of the tasks observed. Only daily task­
specific exposure frequency estimates based on at least 1 O 
observations and multiple days f~r each worker were used in the 
analysis of sources of variance. 
Exposure variability due to task within operation. A mixed­

effects analysis of variance (ANOV A), treating the tasks 
performed by the trade within each operation as a fixed-effect 
parameter and the worker as the random-effect parameter 
(covariance parameter), was used to determine if exposures 
varied significantly among tasks. The F-statistic was used to test 
whether differences in mean exposure existed for the tasks 
within each operation. 

Between-worker and within-worker components of variance 
within task. For each task, the components of variance were 
calculated with a random effects ANOV A treating worker as a 
random effect. The percent of total variance attributed among 
workers and within workers was then calculated from the 
variance produced by the random-effects model. The between­
worker variance represented differences in average exposure 
frequency among individual workers. The within-worker 
variance component was interpreted to be largely attributed to 
day-to-day differences in exposure, although measurement error 
was also reflected in this component of variance. 

In both the mixed-effects and random-effect models, the 
restricted maximum likelihood (REML) method was used to 
estimate the components of variance. This method was chosen 
over others because workers were crossed with tasks in the 
mixed-effects model and there were unequal numbers of 
observation days for individual workers in both models . While 
there is no one best computational method for estimating 
variance components in all situations, the REML method 
appears to be favored over other methods for estimating the 
components of variance in crossed-unbalanced designs 
(Lindman, 1974). 

Bootstrapping to evaluate the number of days needed/or 
reliable exposure assessment. The primary aim of the third 
analysis was to determine the least number of observation days 
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needed to reliably characterize different exposures for groups of 
workers performing the same task. 

The mean daily exposure for each exposure-task combination 
was calculated using aggregate data from all workers and days 
studied. The mean daily exposures were calculated with 
observational data for all workers performing the same task on a 
day. Only estimates of exposure for tasks based on at least 40 
per day observations (across all workers in a task) were included 
in the analyses. 

The bootstrap procedure was used to simulate the obtained 
daily-group estimates of exposure for assessment periods of one 
day up to the total number of days in each data set, using Stata 
software (Stata Corporation, 1997). Bootstrapping is similar to 
Monte Carlo sampling for which the population distribution is 
sampled repeatedly to estimate the distribution of a statistic. For 
each simulated observation period, I 000 samples were drawn 
with replacement from the empirical distribution of the original 
sample. Each sample drawn had the same number of values as 
days in the observation period and the mean value (mean-daily 
exposure) was calculated for each. The mean and upper and 
lower boundaries of the 95% confidence interval were plotted 
against the different assessment periods for each exposure. 
Differences in the confidence intervals of the exposure estimates 
for the different observation periods were evaluated qualitatively 
but not tested statistically. 

RESULTS 

Exposure Variability among Tasks 

There were often large differences in exposure frequency 
among the tasks performed by each of the trades. For the iron 
workers, there were statistically significant differences in 
exposure frequency among tasks for 6 of the 9 ergonomic 
variables tested; these included any non-neutral trunk posture, 
trunk flexion, kneeling, squatting or leg bending, hand-tool and 
power tool use, and MMH (p<0.01). Significant differences in 
exposure frequency among the laborers' tasks (p<0.01) were 
found for 6 of the 9 variables, 5 of which were found statistically 
significant in the analysis of the iron workers' tasks. There were 
similar differences in exposure frequency among carpentry tasks 
for 4 of the 9 exposure variables. 

Between-Worker and Within-Worker Components of 
Variance Within Task 

./ 

The between-worker component of exposure variance was 
generally quite small for the tasks performed by the iron workers 
and the laborers. The between-worker component of exposure 
variance was less than I 0% of the total exposure variance for 
almost all of the exposures within each of their tasks and 
exceeded the within-worker variability only in a few cases. For 
the most part, very little exposure variance was explained by 
differences among workers for the carpenters' form-construction 
t.:iSks. However, exposures to load handling and arms at or 
.1bove shoulder height during form building on site, and 
exposure to load handling and hand-tool use during form 
erection, had between-worker variance components that 
exceeded the corresponding within-worker exposure variance 
components. 

Evaluation of Number of Observation Days for Reliable 
Exposure Assessment 

There were 6 construction tasks (3 for iron workers, 2 for 
laborers and I for carpenters) that had at least 40 observations 
on multiple workers each day for multiple days. For the 
exposures in these tasks, the reliability of the exposure estimates 
generally increased with increasing observation periods. This 
effect was most dramatic for the high-frequency high-variability 
conditions and least dramatic in the low-frequency low­
variability conditions. 

The bootstrap results for four exposure variables representing 
the extremes in terms of frequency and between-day variability 
(i.e., high frequency-high variability, high frequency-low 
variability, low frequency-high variability; low frequency-low 
variability) are reported here. The variables were kneeling, 
squatting or leg bending during the laborers' task manual 
excavation (high frequency, high variability), trunk flexion 
during the iron worker 's task of ground-level rebar construction 
(high frequency, low variability), MMH during the laborer's task 
of pit-wall construction (low frequency, high variability) and 
power-tool used during ground-level rebar construction (low 
frequency, low variability). 

For the high exposure frequency-high between day exposure 
variability case, the bootstrap revealed extremely wide 
confidence intervals for observation periods of I to 3 days with 
dramatic improvements in reliability as assessment periods 
increased from 1 day (± 30%, 95% Confidence Level) to 5 days 
(±15%, 95% Confidence Level). The confidence interval 
decreased very little for observation periods exceeding 6 days. 
For the high exposure frequency-low exposure variability case, a 
precision of ±15% (95% Confidence Level) in the exposure 
frequency estimate was obtained for assessment periods of I and 
2 days of observation, with a narrowing to± 8% for assessment 
periods of 6 days. This was smaller than that obtained after I 0 
days of assessment for the high-frequency high-variability 
exposure. The level of precision achieved for the low exposure 
frequency-high exposure variability case was fairly good. The 
level of precision was± 4% (95% Confidence Level) for 
observation periods of I day and were ±2% for observation 
periods of 7 days. As expected, the 95% confidence interval 
was quite narrow for the low exposure frequency-low exposure 
variability case, having a precision level of± I% for exposure 
assessment periods of I day with very little change with 
increasing days of observation. 

DISCUSSION 

Statistically significant differences in exposure frequency 
among tasks were found in over one-half of the tests for the 
three trades evaluated in this study. This was often in spite of 
both a lack of precision in the measurement of workers' daily 
exposure frequencies (due to a small number of observations) 
and a small number of measures for each of the tasks within an 
operation. Additionally, in this study a trade's tasks were not 
specifically defined in such a way as to maximize the differences 
in ergonomic exposures between tasks. It would be nearly 
impossible to define homogeneous exposure groups in such a 
way as to maximize the contrast of exposure among groups for 
all of the different ergonomiG exposures studied here. Instead, 
tasks were defined operationally so that the task definitions 
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could be easily understood by contractors and workers, as well 
as those who made PA TH observations. Nevertheless, the large 
difference in exposure frequencies among tasks observed here 
provides evidence supporting the task-based strategy as a viable 
way to enhance the characterization of exposure for groups, as 
well as to allow the level of detail needed for the evaluation of 
ergonomic controls for work tasks. 

In this study, the between-worker exposure variance within 
task was often found to be quite small when compared to the 
within-worker variance component. This may suggest that the 
task-specific exposures for workers may often be similar over 
time for all workers performing the same task and further 
supports the classification of exposures by tasks rather than by 
trade. However, in this study the daily task-based exposure 
frequency estimates for workers were often based on a small 
number of observations. The lack of precision in these exposure 
measurements may have, in some cases, inflated the within­
worker exposure variance and deflated the true estimate of 
exposure explained by the effect of worker. 

The need to perform assessments on multiple days for reliable 
exposure estimates for exposures with high inter-day variability 
is a concept addressed in many texts on exposure assessment 
(e.g., Boleij et al., 1995), but practical methods for determining 
the necessary assessment periods for reliable exposure estimates 
that do not rely heavily on statistical assumptions about the 
population distribution are rarely discussed. In this study a 
systematic method was used to evaluate the reliability of 
different assessment strategies and illustrated the importance of 
evaluating ergonomic exposures for groups of workers on 
multiple days to improve the reliability of the exposure when 
exposure frequencies are high and variable. The most important 
limitation of the bootstrap approach used here was the number 
of observation days from which the samples were drawn. Small 
samples are particularly problematic for the calculation of 
bootstrapped-confidence intervals, as the upper and lower tails 
of the population distribution may not be represented (Mooney 
and Duval, 1993). The bootstrap approach used in this study, 
when applied to larger data sets could be used to develop long­
term exposure assessment efforts for epiderniologic research and 
for the evaluation of controls in highly variable working 
conditions. 

RECOMMENDATIONS 

) . A task-based approach should be used to assess ergonomic 
exposures in highway construction work. 

2. Two days of exposure assessment were not sufficient to 
provide even a preliminary assessment of exposure 
variability across days . No fewer than 3 or 4 days of 
exposure data are recommended for an initial estimate of 
between-day exposure variability for groups of workers. 

3. Observation periods of at least 6 to 10 days are 
recommended when the between-day variability of exposure 
is high. 

4. Strategies for the assessment of multiple exposures (such as 
those observed with PA TH) should be designed conservatively 
(i.e. , observation periods of at least 6 to 10 days) to obtain 
reliable estimates for all variables. A more efficient approach 
might involve dropping variables with low frequency and low 
variability from the evaluation after several days of observation. 

ACKNOWLEDGEMENTS 

This work was supported by the National Institute for 
Occupational Safety and Health (:t'-fIOSH) through the Center to 
Protect Workers ' Rights (CPWR) (Grant #s: U02/CCU30877 l 
and U02/CCU312014). Gary Davis, Ted DesMarais, Joel 
Garrett, Mike Grasso, Diane Lee, Bill Rodwell, Trevor Schell 
and Helen Wellman assisted with data collection. The authors 
thank the members of the International Association of Bridge,· 
Structural and Ornamental Iron Workers (Local 7), United 
Brotherhood of Carpenters and Jointers of North America 
(Local 218) and the Laborers' International Union of North 
America (Local 223) for their cooperation. 

REFERENCES 

Boleij, J., Buringh, E., Heederik, D. and Kromhout, H. (1995). Occupational 
Hygiene of Chemical and Biological Agents (pp. 161 -205), New York: 
Elsevier. 

Buchholz, B., Paquet, V., Punnet!, L., Lee, D. and Moir, S., (1996). PATH: a 
work sampling-based approach to ergonomic job analysis for construction 
and othernon-repetitive work. Applied Ergonomics, 27(3), 177- 187. 

Burdorf, A. (1993). Bias in risk estimates from variability of exposure to 
postural load on the back in occupational groups . Scandinavian Journal of 
Work, Environment & Health. 19(1):50-54. 

Burdorf, A. ( 1995). Reducing random measurement error in assessing postural 
load on the back in epidemiologic surveys. Scandinavian Journal of Work, 
Environment & Health, 21(1):15-23 . 

Burdorf, A. and van Riel, M. ( 1996). Design strategies to assess lumbar posture 
during work. International Journal of Industrial Ergonomics, 18( 4 ): 239-
249. 

Burdorf, A., Verburgh, A. and Elders, L. (1994). Time-dependent variation in 
back load of workers in a dairy factory. Occupational Hygiene, I : 199-206. 

Hagberg, M. (1992). Exposure variables in ergonomic epidemiology. 
American Journal of Industrial Medicine, 21: 91-100. 

Karhu, 0., Hansi, P. and Kuorinka, I. (1977). Correcting working postures in 
industry: a practical method for analysis. Applied Ergonomics, 8(4): 199-
201. 

Lindman, H. (1974). Analysis of Variance in Complex Experimental Designs. 
San Francisco, CA: W. H. Freeman and Co. 

Mooney, C., and Duval, R. (1993). Bootstrapping: A Nonparametric Approach 
to Statistical Inference. Sage University Paper series on Quantitative 
Applications in the Social Sciences, 07-095. Newbury Park, CA: Sage. 

SAS Institute. Inc. (1992). SAS (Statistical Analysis System), version 6. Cary, 
NC: SAS Institute, Inc . 

Stata Corporation (1997). STA TA Statistical/Data Analysis, version 5.0. 
College Station TX: Stata Corporation. 

van der Beek, A., van Gaalen, L., and Frings-Dresen. M. (1992). Working 
postures and activities of lorry drivers : a reliability study of on-site 
observation and recording on a pocket computer. Applied Ergonomics, 
23(5), 331-336. 

van der Beek, A .. Kuiper. J., Dawson, M., Burdorf. A., Bongers, P .. and Frings­
Dresen, M. ( I 995). Sources of variance in exposure to non-neutral trunk 
postures in varying work situations. Scandinavian Journal of Work, 
Environment & Health, 21(2): 215-222. 

Winkel, J.. and Mathiassen. E . (1994) . Assessment of physical work load in 
epidemiologic studies: concepts, issues and operational considerations. 
Ergonomics, 37(6): 979-988. 



Ergonomics for tL.e new 
MILLENNIUM 

PROCEEDINGS OF THE 

XIVth Triennial Congress of the 

International Ergonomics Association 

and 

44th Annual Meeting of the 

Human Factors and Ergonomics Society 

"Ergonomics for the New Millennium" 

July 29 through August 4, 2000 

San Diego, Cal;/omia, USA 

Volume 5 

Manual Work 

Published by the 

AF Research 
Laboratory Library 

Human Factors and Ergonomics Society 
P.O. Box 1369 
Santa Monica, CA 90406-1369 USA 

310/394-1811, FAX 310/394-2410 
E-mail: info@hfes.org Web: http://hfes.org 



PREFACE 

In publishing the Proceedings of the X/Vth Triennial 
Congress of the International Ergonomics Association 
and 44th Annual Meeting of the Human Factors and 
Ergonomics Society, the Human Factors and Ergonomics 
Society seeks to facilitate an effective and timely 
dissemination of technical infonnation within its area of 
concern. The papers contained in this document were 
printed directly from unedited reproducible copy submit­
ted by the authors, who are solely responsible for their 
contents. 

ISBN 0-945289-13-8 

Opinions expressed in proceedings articles are those of 
the authors and do not necessarily reflect those of the 
International Ergonomics Association or the Human 
Factors and Ergonomics Society, nor should they be 
considered as expressions of official policy by either 
organization. 

Copyright© 2000 by Human Factors and 
Ergonomics Society. All rights reserved. 

Individual readers of these proceedings and nonprofit 
libraries acting for them are freely permitted to make fair 
use of the material in the book, such as to make a single 
copy of an article for use in teaching or research. Permis­
sion is granted to quote excerpts from articles in these 
proceedings in scientific works with the customary 

. acknowledgment of the source, including the author's 
name and the proceedings name, year, volume, and page. 
Reproduction of figures and tables is likewise permitted 
in other articles and books, provided that the same infor­
mation is printed with them and notification is given to 
the Human Factors and Ergonomics Society. 

Reproduction or systematic or multiple reproduction of 
any material in these proceedings (including abstracts) is 
permitted only under license from the Human Factors 
and Ergonomics Society. In addition, the Society requires 

that permission be obtained from one of the authors. 
Address inquiries and notices to the Communications 
Director, Human Factors and Ergonomics Society, at the 
address below. 

vii 

In the case of authors who are employees of the United 
States government or its contractors or grantees, or of 
the British Crown, the Human Factors and Ergonomics 
Society recognizes the right of these governments to 
retain a nonexclusive, royalty-free license to use the 
author's copyrighted material for government purposes. 

Human Factors and Ergonomics Society 
P.O. Box 1369 

Santa Monica, CA 90406-1369 USA 
310/394-1811, fax 310/394-2410 

info@hfes.org 

http://hfes.org 

Authorization to make a single photocopy of any item in 
this book for commercial use is granted by the Human 
Factors and Ergonomics Society, provided that the base 
fee of $1 .00 plus $.60 per page is paid directly to Copy­
right Clearance Center, 27 Congress St., Salem, MA 
01970. The fee code for users of the Transactional 
Reporting Service is 01711813/00 $1.00 + $.60. 

The HFES annual meeting proceedings are indexed or 
abstracted in the following publications or services: 
Applied Mechanics Reviews, Engineering Index Annual, 
EI Monthly, Cambridge Scientific Abstracts, EI Bio­
engineering Abstracts, EI Energy Abstracts, EMBASE/ 
Excerpta Medica, Ergonomics Abstracts, ISi Index to 
Scientific & Technical Proceedings, Transportation 
Research Information Services (TRIS), and International 
Aerospace Abstracts. This publication is also available 
on microfilm from Bell & Howell, 300 N. Zeeb Road, 
Department P.R., Ann Arbor, MI 48106. 

The paper used in this publication meets the minimum 
requirements of the American National Standard for 
Infonnation Sciences-Permanence of Paper for Printed 
Library Materials, ANSI Z39.48-1984. 

HFES Annual Meeting Proceedings ISSN 1071-1813 




