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Introduction 

In the last few decades, since the advent and widespread 
use of rigid pavement, engineers have been faced with 
the problem of longitudinal pavement movement where 
the pavement abuts a structure or another pavement sec-
tion and subsequently causes damage to the structure or 
second pavement section. Movement of a pavement ter-
minal.can be defined as a change in the length of the 
pavement due to a variation in temperature and moisture 
conditions. 

This publication reviews the existing literature on de-
sign criteria for rigid pavement terminals and gives the 
results of a survey of the 50 states regarding their cur- 

rent practices, including the types of end treatment that 
are being used, their construction and maintenance costs, 
and general performance. 

We recognize that the degree of damage caused by 
pavement movements is related to the number of bridge 
spans and the type of abutment used (1). One type of de-
sign may be able to absorb more movement than another, 
and a bridge can be designed to take a certain amount of 
pavement thrust. However, the material in this publica-
tion applies only to the pavement movements; it does not 
cover bridge design. 

Chapter 1. Design Criteria 

Slabs of concrete pavement expand or contract because 
of changes in temperature or moisture or because of ex-
ternally applied forces. Once the concrete has hardened, 
the movements caused by moisture changes and exter-
nally applied forces will usually be small compared to 
the movements produced by temperature changes. As 
a result, when considering horizontal pavement move-
ments, the primary emphasis is placed on those caused 
by temperature changes. This chapter will discuss a 
number of factors that affect pavement movement, in-
cluding climatic conditions, the movement experienced 
by jointed and continuously reinforced pavements, soil 
conditions, the nature of the stresses between the slab 
and the underlying material, and the effect of pavement 
type. 

CLIMATIC CONDITIONS  

of a rather complex nature. Because of a number of vari-
ables, such as air temperature, solar radiation, wind 
velocity, and temperature of the underlying material, the 
temperature distribution through a slab is rarely a simple 
distribution, and a change in temperature is probably 
never uniform with respect to time or vertical location 
within the slab. Swanberg (2) and Venkatasubramanian 
(3) have shown that temperature distributions through a 
slab are probably not constant or linear, but are probably 
similar to the distribution illustrated in Figure 1 (T, = 
temperature at surface of slab, T. = temperature at mid-
depth of slab, and Tb = temperature at bottom of slab). 
The following relationship for temperature distribution 
according to slab depth was proposed by Thomlinson (4): 

T = T0exp[-(z/h)/73] isinI(27r/7)t -(z/h)/73] 	 (1) 

where 
The temperature changes that occur in pavements are 



Figure 2. Hypothetical effect of daily temperature 
variation. 
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Figure 3. Hypothetical effect of seasonal 
temperature variation. 
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T = temperature at depth z below the surface at 
time t, 

T. = amplitude of the temperature cycle at the free 
surface of the slab, 

exp = base of natural logarithms 	2.718 28, 
h2  = heat diffusivity of the concrete (thermal 

conductivity/heat capacity per unit time), and 
y = periodic time of temperature cycle (24 h for 

daily cycle). 

An example of the possible effect of daily temperature 
variation on a slab is illustrated in Figure 2. Condition 1 
represents the temperature distribution when the surface 
temperature is at the maximum and the bottom tempera-
ture is at the minimum. Condition 2 represents the tem-
perature distribution when the surface temperature is at 
the minimum and the bottom temperature is at the maxi-
mum. These are extreme cases and probably never oc-
cur, but they serve to illustrate the nonuniformity that 
may characterize temperature changes in a slab. Tem-
perature distributions, as illustrated above, will cause 
nonuniform strain gradientsin the slab that will produce 
internal stresses within the slab. Horizontal movement 
proportional to the changes in mid-depth temperature 
will occur, causing additional stress if the movement is 
restrained. 

Curling will occur if the temperature distribution is 
asymmetric from the midplane of the slab; this will re-
sult in vertical movements and additional stresses if the 
vertical movement is restrained (4). The movement con-
sidered here is the horizontal movement (length change), 
which is a function of the temperature change that occurs 
at the midplane of the slab. If, for example, in Figure 
2, condition 1 represents the temperature distribution at 
midafternoon and condition 2 represents early morning 
conditions, T would be larger than T and the daily lat-
eral movement would be proportional to the temperature 
difference: 

Figure 1. Hypothetical temperature 
distribution through a slab. 
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CONDITION 4 

AT=T- T 	 (2) 

Similarly, seasonal movements may be exemplified 
by Figure 3. Consider that condition 3 represents the 
temperature distribution when the surface temperature 
is at the maximum and condition 4 represents the condi-
tion when the surface temperature is at the minimum. 
These two conditions will probably also be obtained on 
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Figure 5. End movement of CRCP at steel 
bridge joint. 

the days on which the highest and lowest temperatures 
occur at the midplane of the slab, so that the maximum 
lateral seasonal movement will be proportional to the 
change that occurs in the temperature at the midplane. 
In considering seasonal temperature changes, it is rea-
sonable to approximate the changes in midplane tempera-
ture with the change in air temperature and to assume 
that this change is uniform with depth, so that 

a = thermal coefficient of expansion of the concrete, 
and 

AT = temperature change. 

If the slab movement is unrestrained, the movement of 
the slab is expressed by 

Ax = xaAT 
	

(5) 

AT 	ATan  A ATb AT 
	

(3) 	where 

This approximation may be used for daily cycles but is 
not as valid as it is for seasonal cycles. The changes 
in the air temperature and the temperatures near the 
surfaces of slabs are usually greater than changes at 
the midplane. Measurements by Venkatasubramanian 
(3) for slabs 15.2 cm (6 in) thick illustrate this. For the 
rimainder of this discussion, temperature change will 
refer to the average change, and the assumption will be 
made that this change is constant with depth, so that the 
lateral strain is expressed by 

e=aAT 	 (4) 

where 

= lateral strain,  

Ax = lateral movement and 
x = distance from the center of the slab. 

Equations 4 and 5 are valid only for isolated, completely 
unrestrained slabs. Pavement slabs are neither isolated 
nor completely unrestrained but interact with other slabs, 
structures, or the subgrade and are partially restrained 
against lateral movement. These factors will be con-
sidered in subsequent sections on pavement type and soil 
type. 

Equation 4 indicates that movement will be propor-
tional to a change in temperature. This leads to the con-
clusion that, in areas in which climatic conditions cause 
large daily and seasonal temperature changes, pave-
ments will experience large movements. Figures 4, 5, 
and 6 illustrate the effects of temperature on slab move - 
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Data above zero grid line denote joint opening (pavement contraction(, 

ment. Figure 4 shows the movement experienced at the 
terminal joint located at the end of a continuously re-
inforced concrete pavement (CRCP) in Texas, reported 
by Shelby and Ledbetter (5). Figure 5 shows the end move-
ments in a CRCP as reported by Sternberg (6). Figure 
6 shows the movements that occurred at a contraction 
joint in a fibrous concrete pavement constructed at the 
Waterways Experiment Station in Vicksburg, Mississippi. 
The 304.8-rn (1000-ft) pavement was constructed in June 
1973 [maximum air temperature 35° C (95°  F), maximum 
slab temperature during curing 49° C (120°  F)] and per-
mitted to crack naturally. The data shown are for a con-
traction joint between slabs 19.2 m(63 ft)and 25.3 m (83 
ft) long. Figure 6 illustrates the daily movement that oc-
curs because of the daily temperature variations and the 
beginning of the influence of seasonal temperature vari-
ations. Figures 7 and 8 show the results of slab move-
ment and temperature measurements taken in California 
(7), illustrating the seasonal and daily slab movements 
that occur with temperature variations. 

The measurements reported above illustrate that 
pavement movement is truly related to temperature and 
that larger movements should occur in climates in which 
temperature differences are more severe. There are no 
data available that would permit a direct comparison be-
tween climatic conditions. However, observed pavement 
movements have, in general, been related to the temper-
ature differential that the pavement experiences. For 
example, cyclic seasonal movements up to 5 cm (2 in)  

and pavement growth of more than 10 cm (4 in) have been 
reported by Lindsay (8) at ends of CRCP slabs in Illinois, 
while total expected end movements for CRCP are near 
3.8 cm (1.5 in) in Texas (5). Van Breemen (9) reported 
total end movements of up to 5 cm (2 in) and cyclic sea-
sonal movements up to about 2 cm (0.75 in) for CRCP in 
New Jersey. Comparisons such as these must allow for 
the fact that a number of other factors, such as subbase 
type, could have influenced the results. 

The second climatological factor that affects pavement 
movement is the moisture condition in the pavement. The 
normal moisture distribution through a slab makes it dry 
on top and damp at the base, where it is in contact with 
the subgrade. However, as with temperature, the aver-
age or midplane moisture content will vary with surface 
and subgrade moisture conditions. As a result, the slab 
will expand and contract with changes in the moisture 
content. During periods of high precipitation, expansion 
will occur and, during periods of low precipitation, con-
traction will occur. However, the effects of moisture 
are probably small compared with the effects of temper-
ature. 

SOIL TYPE AND SUBGRADE FRICTION 

Resistance to relative movement between concrete slabs 
and the underlying material must also be considered. 
When concrete slabs expand or contract, the relative 
movement between the slab and underlying material is 
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reduced by frictional forces. The resistance to move-
ment is characterized by a coefficient or frictional re-
sistance defined by 

 

where 

= coefficient of friction, 
F = frictional force, and 
N = normal force (slab weight); 

or 

 

where 

f = frictional stress and 
= normal stress, 

since the frictional resistance is independent of the area. 
As it is used in computing stresses and strains on con-
crete pavements (equations 8 to 12), the coefficient of 

Figure 9. Crack in slab 	 • 
and underlying material 

- 

friction is assumed to be constant. However, the coeffi-
cient of friction between a pavement slab and the under-
lying material is not a constant but varies according to 
a number of factors. 

Frictional resistance is a result of the shearing re-
sistance in the subgrade along with sliding friction. As 
relative movement between the slab and underlying ma-
terial occurs, shearing stresses develop in the subgrade 
because of the rough interface and adhesion between the 
slab and subgrade. These shearing stresses produce 
elastic or semielastic deformation of the soil and are 
dissipated with depth. As larger movements occur, slid-
ing occurs and an even greater resistance to movement 
develops. Observation of the cracks in the fibrous con-
crete pavement mentioned previously revealed that, where 
there were cracks in the slab, the underlying material 
was also cracked, as illustrated in Figure 9. This fig-
ure shows that the shearing stresses at the bottom of the 
slab produce deformation of the underlying material be-
fore sliding occurs. 

Figure 10 illustrates the nonlinear nature of frictional 
resistance (10). The frictional resistance increases with 
movement until sliding occurs and the maximum resis-
tance is attained. Kelley (11) has suggested that the dis-
tribution of frictional stress along a slab may be para-
bolic, as in Figure 11, where 

L = length of slab, 
C. = maximum value of frictional resistance, and 
X = 1000/AT = length necessary to ensure that the 

displacement is sufficient to develop maximum 
frictional resistance. 

Figure 10. Displacement curves of typical frictional force. 
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Figure 11. Approximate variation in frictional resistance 
from center to end of a pavement slab. 
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Figure 13. Effect of cyclic movement on frictional resistance. 
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The frictional resistance will vary from zero at the mid-
point of the slab to a maximum value at the end of the 
slab. The maximum possible value of frictional resis-
tance is only attained by slabs that have lengths equal to 
or greater than 2X. Figure 11 also illustrates that the 
average coefficient of friction depends on the slab length. 

Tests reported by Kelley (11) and Timms (10) show 
that frictional resistance is also a function of the thick-
ness of the slab. The test results, illustrated in Figure 
12, show a decreasing coefficient of friction with an in-
creasing slab thickness. These tests also showed that 
cyclic movement between a slab and its underlying mate-
rial results in a reduction in frictional resistance to a 
relatively constant value, as shown in Figure 13 (10). 
Some of the decrease in resistance as movement fre-
peated may be attributed to the breakdown of adhesion 
between the slab and the underlying material. 

Considering the complexity of the frictional resistance 
between a slab and the underlying material, it is not sur-
prising that very little guidance can be found for select-
ing a value for the coefficient of friction. Nor is it sur-
prising that rather gross approximations of values are 
made for computing pavement stresses and movements. 
Yoder (12) stated that many engineers use a value of 1.5 
for maldig calculations. McCullough (13) recommended 
the values shown below; any value used, however, should 
be considered only an approximation. 

Coefficient Coefficient 
Type of Subbase of Friction Type of Subbase of Friction 

Surface treatment 2.2 River gravel 1.5 
Lime stabilization 1.8 Crushed stone 1.5 
Asphalt stabiliza- Sandstone 1.2 
tion 1.8 Natural subgrade 0.9 

Cement stabiliza- 
tion 1.8 

PAVEMENT TYPE 

The cyclic movements that jointed and continuously re-
inforced pavements undergo are caused primarily by 
temperature change. The nonrecoverable changes in 
length that jointed and continuously reinforced pavements 
experience are primarily a result of joints and cracks in 
the pavement that do not close completely as the pave-
ment 

ave-
ment temperature is increased. In both cases, the pri-
mary driving mechanism is thermal volume change, but, 
for nonrecoverable movement, it is necessary for the 
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joints or cracks to be prevented from closing. In a few 
situations the nonrecoverable length changes (growth) of 
pavements may be accentuated by the actual increase in 
the volume of concrete caused by chemical reactions be-
tween the cement and the aggregate. Fortunately the in-
cidence of such reactions is rare and the aggregates that 
cause severe problems have been identified and their use 
discontinued. 

In order to understand the movements that occur 
within a jointed pavement, the manner in which the slabs 
interact must be considered. Figure 14 is a schematic 
representation of a jointed pavement with joint spacing 
S. For now, consider that the slabs rest on a friction-
less subgrade. The effects of soil type and the extent 
of subgrade friction will be considered in the following 
section. If we start from datum temperature and joint 
openings and assume that the ends of each slab are free 
to move, then a decrease in temperature will result in 
a shortening of each slab. Theoretically, the midpoint 
of each slab would not move and each end of each slab 
would move an equal amount (equation 5). When the 
temperature increases, each slab will expand from its  

midpoint, as expressed in equation 5. If the temperature 
increased sufficiently, the joints could be completely 
closed and compressive forces could be developed be-
tween the slabs, causing an outward movement of the 
ends of the pavement. 

Now consider a real structure. The slabs rest on a 
subgrade in such a way that frictional stresses exist be-
tween the slabs and the subgrade, which resist the move -
ment. The concrete is placed in three sections separated 
by expansion joints of width W. During curing, the slabs 
reach a temperature of T1  and later cool to a tempera-
ture of T2. Because of the temperature drop, a small 
amount of drying shrinkage, friction between the slab 
and subgrade, and a saw cut at the location of the con-
traction joints, cracks develop and the contraction joints 
open to a width of W. Now assume that the joints are 
sealed. If the temperature were to rise to Ti, theoreti-
cally the contraction joints would close. However, be-
cause of the shrinkage that occurs and greater resis-
tance to expansion than to contraction (14), the joints 
probably will not close completely; for now, assume that 
they do. With a further temperature increase, compres- 

Figure 14. Schematic drawing of 	 I -i jointed pavement. 	 '. 
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sive forces will be created within the pavement, with the 
possibility that buckling, spalling at the joints, and clos-
ing of the expansion joints will occur. All three possi-
bilities have occurred in real pavements. HOwever, the 
temperature of the slab during curing is probably high 
because of the hydration of the cement, and the tempera-
ture may never be as high as it was prior to cracking. 
Under these conditions, the sole cause of compressive 
stresses will be infiltration of incompressible material 
into the joint. 

Incompressible particles of soil may infiltrate a joint 
or crack from the top, the bottom, or the sides. The in-
compressible material reduces the effective width of the 
joint. As the joints open and close because of cyclic 
temperature variations, and as infiltration occurs, con-
traction joints will usually increase in width, expansion 
joints will usually decrease in width, and the pavement 
will increase in length. Sutherland (15), in analyzing the 
results from experimental projects in six states, explains 
it thus. 

The change in width caused by the annual moisture and temperature 
change... would be expected to be approximately the same each year, 
but the annual progressive change in width becomes smaller with time. 
For example, assume that a plain concrete pavement with expansion 
joints and closely spaced contraction joints is laid during the spring at 
a reasonably low temperature. As the temperature rises seasonally, the 
pavement will expand, causing the slab units to be shifted over the sub-
grade toward the expansion joints, which results in a progressive closure 
of those joints. As the temperature of the pavement drops seasonally, 
the slab units will not be shifted over the subgrade, but will expand and 
contract about their own centers. After the first year, there should be 

little or no progressive closure of the expansion joints resulting purely 
from temperature changes, but if foreign material infiltrates the con-
traction joints, closure of the expansion joints will continue (pp. 2-3). 

The plausibility of the explanation is strengthened by 
the data shown in Figures 15 and 16 (15). The general 
trends shown in these figures are that the cyclic seasonal 
changes in joint width decrease with age, contraction 
joints open with age, and expansion joints close with age. 
Table 1 (16) further illustrates this behavior. 

As a result of these studies, the number of expansion 
joints within pavements has been reduced. This has 
eliminated the tendency for contraction joints to open up 
and has not resulted in excessive blowups or spalling at 
the joints because of restrained expansion of the slabs. 
However, blowups and spalling of joints because of high 
compressive forces between slabs do occur and the ends 
of these pavements will continue to grow if they are un-
restrained, but the movement will usually be confined to 
only a hundred or so meters (several hundred feet) near 
each end. 

In order to understand the movement that occurs in a 
CRCP, the manner in which the individual slabs, the con-
tinuous steel, and the subgrade interact must be consid-
ered. Figure 17 is a schematic representation of a 
CRCP with a transverse shrinkage crack (Se). The con-
tinuous steel reinforcement ties the individual slabs to-
gether so that the entire pavement acts as one unit rather 
than as a series of individual slabs, as in jointed pave-
ment. For now, consider that there is no frictional re-
sistance between the pavement and the underlying mate- 
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Table 1. Progressive closure of expansion joints and cumulative 
opening of contraction joints. 

Total 
Expansion Opening in Total Average 
Joint Contraction Opening Temperature 
Opening Joints in Joints of Concrete 

Date (cm) (cm) (cm) CC) 

Sept. 11, 1940 2.5400 0.0000 2.5400 +12 
Oct. 7, 1940 2.5794 0.1488 2.7282 +16 
Feb. 10, 1941 2.6492 0.5131 3.1623 +2 
July 30, 1941 1.7414 0.3223 2.0637 +36 
Feb. 3, 1942 1.9139 1.4392 3.3531 +1 
July 30, 1942 1.6619 0.8070 2.4689 +31 
Feb. 19, 1943 1.6490 1.5644 3.2134 +7 
Aug. 5, 1943 1.5352 1.5933 3.1285 +24 
Jan. 18, 1944 1.5997 1.8608 3.4605 0 
July 23, 1944 1.3505 1.4689 2.8194 +29 
Aug. 1, 1945 1.1339 1.7998 2.9337 +31 
Feb. 4, 1948 0.8105 3.4414 4.2519 -7 
Aug. 19, 1948 0.6347 2.2761 2.9108 +34 

Notes: 1cm = 0.394 in; ('Cx 1.8) + 32 = 'F. 
The expansion.joint interval is 36.6 m (120 ft) and the contraction-joint interval is 4.6 m 

(15 IA). 
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end of CRCP. 
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Figure 21. Relationship between crack width and mid-depth 
temperature for preformed cracks. 
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Figure 23. Effect of air temperature on steel strain and 
crack width according to age of CRCP. 
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rial. Since the concrete and steel have approximately 
the same pavement midpoint, the formula for their move-
ment would be given by equation 5, in which x is the dis-
tance from the pavement midlength. 

Now consider a real situation. The slab rests on a 
subbase in such a way that frictional stresses resist 
movement of the slab in relation to the subbase. Start-
ing from a datum temperature, assume that the pave-
ment experiences a temperature drop. The pavement, 
acting as one unit, will contract, but the force of friction 
will resist this movement. For short pavements, the 
movement will occur around the midpoint of the pavement 
(i.e., the midlength will experience no movement). How-
ever, for longer pavements, the force of friction will 
produce strain in the pavement equal to the temperature 
strains; at the point where this occurs to a similar point 
near the opposite end of the pavement, no movement will 
occur. Friberg (14) and Mitchell (17) developed similar 
equations for comiiting the distance from the end of the 
pavement to the point at which fixity occurs. The equa-
tion developed by Mitchell is 

d(AE/pw)aT 	 (8) 

where 

w = slab weight per unit area, and 
a = coefficient of thermal expansion of the concrete. 

This equation is based on the assumption that the coeffi-
cient of friction is constant between the pavement and the 
subbase and that the load-deformation properties of the 
pavement can be represented by a constant. The nature 
of the frictional resistance will be considered in the fol-
lowing section. Measurements reported by Van Breemen 
(9) verify that in CRCP movement occurs only near the 
eTid of the pavement. The exact length would depend on 
the variables E, a, T, and p in equation 8. Figure 18 (17) 
illustrates typical movements of CRCP measured in New 
Jersey (9). The use of end anchorage systems induces 
an additional force and reduces the distance from the end 
to the point of fixity. Equation 9, developed by Mitchell 
(17), illustrates the effects of end anchorage: 

d = (AE/jjw) [aAT - (P/AE)] 	 (9) 

where P = force induced by the end anchorage system. 
Mitchell also developed equations for predicting end 
movement (o) for pavement with and without end anchor-
age. 

nchor-
age. These are 

So  = (AE/2jow)(aLiT) 	 (10) 
d = distance from the end of the pavement to the point 

of fixity, 
A = cross-sectional area of the pavement, 
E = modulus of elasticity of the pavement, 

= constant coefficient of friction, 

for no anchorage and 

& (AE/2Mw)[aAT-(P/AE)] 2 	 (11) 
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Figure 24. Seasonal changes in length of CRCP 
test sections. 
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Figure 25. Movement at expansion joints at end of CRCP. 
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for pavements with end anchorage. The effect of end 
anchorage in restricting joint movement is illustrated 
in Figure 19. 

Thus far, only the movement at the ends of CRCP 
has been considered. Between the points of fixity there 
is movement of the individual slabs in relationship to 
each other, as indicated by the changes in crack width. 
The response of the pavement within the restrained in-
terior portion has been examined by Friberg (14) and 
Zuk (18). The basic assumption, as noted earlier, is 
that there is no change in length between the points of 
fixity (i.e., the opening and closing of the, transverse 
cracks will not result in a change in length even though 
the individual slabs do change in length). This assump-
tion leads to the conclusion that the slabs expand and 
contract about their midpoints and that the overall length 
of the steel does not change. Since the concrete changes 
length and the steel does not, there must be some slip-
page between the concrete and the steel. Consider a 
portion of CRCP with crack.spacing, as shown in Fig-
ure 20. With a temperature drop AT, the steel will not 
change length but the concrete will, as shown by changes 
in crack width. This means that there must be a slip 
between the steel and the concrete. Slippage between 
the steel and the concrete occurs adjacent to the cracks. 
At the cracks, the steel experiences tension; within the 
slab, it undergoes compression. Friberg (14) consid-
ered the problem of a fully restrained slab iid developed 
the following equation for the change in the opening of 
the crack width: 

q'basT[(npc+c)/(npb+b)] 	 . 	(12) 

where 

q m  change in crack width; 
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b = crack spacing; 
p = percentage of steel; 
c = active bond length, i.e., the length over which the 

slip occurs; and 
n = modulus ratio of steel to concrete (modulus of 

steel/modulus of concrete). 

The effects of subgrade friction are neglected in this 
equation, but, for the short crack spacings, the effects 
would be small. The change in crack width expressed 
in equation 12 is proportional to the temperature change 
and crack spacing. Measurements of crack width and 
temperature reported by Shelby and McCullough (19), 
shown in Figure 21, illustrate the effect of temperature 
on crack width for CRCP in Texas. Measurements re- 

ported by Gutzwiller and Waling (21) for small-scale 
CRCP, shown in Figure 22, show the effects of tempera-
ture and the percentage of steel on crack width. Mea-
surements by Taylor and Eney (20) on CRCP in Pennsyl-
vania (Figure 23) also show that crack width is influ-
enced by temperature and may increase with age. 

Even though the widths of transverse shrinkage cracks 
are kept small by the longitudinal steel, the small daily 
and seasonal movements that occur at the cracks permit 
the infiltration of incompressible material that does not 
allow the cracks to close completely. This results in an 
irreversible expansion or growth of the pavement. Mea-
surements of end movement in Illinois and Connecticut, 
shown in Figures 24 and 25, illustrate the growth that 
occurs at the end of a CRCP. 

Chapter 2. Basic Design 
Concepts and Present 
Design Types 

The phenomenon of cyclic movement at the ends of con-
tinuously reinforced and jointed concrete pavements was 
considered in the previous chapter; these movements or 
their resulting forces can be considerable. If the pave-
ment abuts a structure or other pavement, serious dam-
age may result unless provisions are made to accommo-
date or restrict the movement. 

Reports by Stead (22) and Henry (1) described the 
findings of two field trips made to inspect damage done 
to bridges and other structures by pavement movements 
in Mississippi. A total of 288 bridges-576 bridge ends—
were inspected. About 58 percent of all the bridges were 
damaged. Damage to railroad tracks where they crossed 
the highways, which occurred as a displacement of the 
rails toward one another, was also noted. Figures 26 
and 27 show typical results of pavement movement, 
photographed during Stead's field trips. 

Additional evidence of this problem was indicated by 
Van Breemen (9), who noted that if conventional pavement 
was placed next to continuously reinforced pavement it 
caused rupture in both pavements at the terminal joint. 

METHODS OF ACCOMMODATING 
MOVEMENT 

An ideal joint would be one that fully allowed for the ex-
pected movement while it fulfilled the requirements of 
maintaining a smooth riding surface, prevented intrusion 

of water into the base, and provided the necessary load 
transfer across the joint. 

Types of joints that seem to fulfill these requirements 
are the steel finger expansion joint (Figure 28) and the 
elastomeric joints (Figure 29). Joints of these types are 
in use on experimental highways in many states. 

There are numerous systems of expansion joints and 
conventional slabs in use at the ends of continuously re-
inforced pavements; see, for example, Figure 30. Most 
of these systems have performed satisfactorily. 

The wide-flange beam joint (Figure 31) is cast in a re-
inforced concrete sleeper slab that supports the ends of 
the abutting pavements. A compressible material is 
placed on the side of the web adjacent to the concrete 
pavement to accommodate end movements. This type 
of joint minimizes maintenance costs and provides ex-
cellent load transfer across the gap in the pavement under 
the flange (23, 24). Suggested beam sizes are 

Pavement Embedment in 
Depth (mm) Beam Size Sleeper Slab (mm) 

178 W10x54 76 
203 W12x58 102 
229 W12x58 76 
254 W14x61 102 

In the questionnaire sent out by Stead (22), the majority 
of states tried to relieve distress and compression at 
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Figure 26. Two examples of typical bridge damage by apparent 
	

Figure 27. Two examples of pavement movement at railroad 
pavement movement. 	 grade crossings. 

Figure 28. Steel finger expansion joint. 
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bridges by removing small segments of concrete pave-
ment at bridges and filling the gap with nonrigid mate-
rial. This type of maintenance work is fairly costly and 
usually has to be repeated. It is generally agreed that 
a better solution to the problem is needed. 

METHODS OF RESTRAINING 
MOVEMENT 

Another way to handle terminal movements is to restrain 
them. Systems of anchor piles (Figure 32) or lugs (Fig-
ure 33) have been installed at the ends of pavements in 
an attempt to restrain a major portion of the terminal 
movement by developing the passive resistance of the soil. 

End anchorages should be designed to resist the forces 
that result from restraining the movement of concrete 
and to provide for some expansion space between the last 
anchor and the structure -approach slab or other pave-
ment (23). 

It is essential that the reinforcing steel in the anchor 
and the pavement slab in the anchorage area be adequate 
to prevent shear failure. The subgrade should be thor — 
oughly compacted in the usual manner before the excava-
tion is dug for the lugs. The concrete for the lugs should 
then be placed without the use of any side forms. Under 
normal conditions, the restraint of the end movement is 
not increased by using more than three lugs (24,25). 

Figure 30. System of expansion joints and conventional slabs. 
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Figure 32. System of pile anchors. 	 1 10 1 	4' 
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Chapter 3. Results of the 
Questionnaire 

Questionnaires about the types of pavement terminals 	terminal design practices were obtained and are given 
used and their costs, maintenance, and performance 	in detail in Table 2 and summarized in three text tables. 
were sent to the highway departments of the 50 states 	For convenience, the results are discussed separately 
and the District of Columbia. Fairly complete data on 	for CRCP and for jointed pavements. Note that Alasha 
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Table 2. Summary of questionnaire on terminal treatments. 
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and Vermont have built no concrete pavements and New 
Hampshire is not currently constructing any. 

Maintenance costs and comments on performance are 
given in Table 2, but the data are quite limited. Many 
of the states replied that data on maintenance costs were 
not available. Only a few states indicated a preference 
for terminal types based on performance; most have no 
basis for comparison or insufficient service life for a 
conclusive performance statement. 

in the survey results, it is apparent that the terminal 
designs that have evolved can be roughly related to the 
type of pavement. On the average, the terminal cost 
and elaborateness (anchorage or total expansion space) 
are greatest for CRCP, intermediate for jointed pave-
ments with long joint spacings, and least for jointed 
pavements with short joint spacings. 

CONTINUOUSLY REINFORCED 
CONCRETE PAVEMENTS 

A total of 32 states reported on terminal treatments for 
CRCP. The types of terminal treatments used are sum-
marized below (note that some states use more than one 
type of terminal treatment). 

Number of States 
Number With More Than 

Terminal Treatment for CRCP of States 161 km of CRCP 

Anchor lugs plus expansion joints 14 11 
Wide-flange beam plus expansion 
joints 21 11 

Steel finger joint 2 2 
Asphalt concrete strip on sleeper 
slab 1.2 m (4ft) wide 1 1 

These terminal components are used in conjunction 
with one or more expansion joints or other treatments. 
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The results show that anchor lugs and the wide-flange 
beams are the two treatments most prevalently used. 
Although many of the states have tried various other 
types of terminal treatment on a limited or experimental 
basis, all but six states primarily use only one type. 

A greater number of states reported use of the wide-
flange beams, but, after excluding the 13 states that have 
built fewer than 161 km (100 miles) of CRCP (26), there 
were 6 states that use anchor lugs, 6 that use wide-
flange beams, and 5 that use both. When the length of 
CRCP in each state was taken into account, it appeared 
that the use of anchor lugs may have been somewhat 
more prevalent. 

Of the states that reported a preference, four rated 
anchor lugs as better than the wide-flange beam and two 
states rated them as worse. Two states rated anchor 
lugs and wide-flange beams as being equal; Texas re-
ported no preference between anchor lugs, wide-flange 
beams, and the steel finger joints. Although most 
states have discontinued the use of steel finger joints, 
North Dakota uses these exclusively and reports good 
performance. Anchor piles are apparently no longer 
used. 

Anchor lugs, wide-flange beams, and finger joints 
are usually used in combination with one or more expan-
sion joints that provide from 1.9 to 7.6 cm (3/4  to 3 in) of 
additional expansion space. The total additional expan-
sion space provided by expansion joints used with anchor 
lugs was not necessarily less than that provided when 
wide-flange beams or steel finger joints were used. 
None of the states reported the use of one or more con-
ventional expansion joints as the only terminal compo-
nent. 

Among the states that use anchor lugs, the number 
of lugs varied from two to six, with most using three or 
four. Lug spacing varied between 4.6 and 12.2 m (15 
and 40 ft), with most states using a spacing of 4.6 or 
6.1 m (15 or 20 ft). 

It is of interest to note that Georgia uses, along with 
anchor lugs and an expansion joint, a 91.4-rn (300-ft) bi-
tuminous surface treatment on the subbase to increase 
pavement friction. 

JOINTED PAVEMENTS 

With a few exceptions, the states use entirely different 
systems for jointed pavements and CRCP. Terminals 
for jointed pavements did not usually include anchors, 
wide-flange beams, or steel finger joints. The types 
of terminal design in use are reported below. 

Terminal Treatment for 	 Number 
Jointed Pavement 	 of States 

Expansion joints 21 
Relief joint on sleeper 14 
Asphalt concrete strip on sleeper 5 
Asphaltic concrete approach 3 
Anchor lugs plus expansion joints 2 
No treatment except bridge joint 2 
Steel finger joint 1 

It appears that conventional expansion joints and 
pressure relief joints (on sleeper slabs) are the pre-
dominant treatments for jointed pavements. Excluding 
the states that have not constructed much jointed pave-
ment does not significantly change the relative preva-
lence of treatment types. 

The conventional expansion joints (filled and usually 
doweled) are from 1.9 to 2.5 cm (3/4  to 1 in) wide. Of 
the 20 states that use them, 6 use only one joint while 
most of the others use two, three, or four joints. 

Fourteen states use pressure relief joints (usually  

polyethylene or urethane and undoweled) on sleeper slabs. 
Although the widths vary from 4.1 to 30.5 cm (1/8  to 12 
in), most of these relief joints are 10.2 cm (4 in) wide. 

Five states use an asphaltic concrete strip on a con-
crete sleeper slab. These are usually about 1.2 m (4 ft) 
wide. The few states that have used anchor lugs or steel 
finger joints for jointed pavements primarily construct 
CRCP. 

Maintenance costs were not available for many states. 
For those that commented, there were no or minor main-
tenance costs, except for one state that reported high 
costs with anchor lugs and sleeper slabs. Three or four 
states reported that it was necessary to later recut 10.2-
cm (4-in) relief joints at a cost of about $100 each. Only 
five states listed apreference among terminal treatments 
for jointed pavements and none of these agree; most use 
only one type of treatment and so have no basis for com-
parison. 

It is of interest to compare the total expansion space 
provided for pavements that have short joint spacings 
with that for pavements that have long joint spacings. 
Since this was not dealt with specifically in the question-
naire, it was done by comparing data from states that 
use only short joint spacings with those that use only long 
joint spacings. Of the states that use joint spacings of 
6.1 m (20 ft) or less, the range of total expansion space 
provided at the terminal was from 0 to 15.2 cm (0 to 6 
in), with 11 of the 16 states using 5.1 cm (2 in) or less. 
Of the 11 states that use only joint spacings 12.2 m (40 
ft) or longer, 5 states use a total expansion space of 5.7 
to 30.5 cm (21/4  to 12 in), 4 states use 1.2 or 1.5-rn (4 or 
5-ft) relief joints, and 2 states use bituminous approach 
pavements 3.0 and 24.4 m (10 and 80 ft) long. This seems 
to indirectly support the concept that pavement growth 
due to joint infiltration will be less where short joint 
spacings are used. 

CONSTRUCTION COSTS 

Many of the states reported that construction cost data 
were not available. Among the states that reported, the 
costs varied considerably (not all were 1973 costs) but 
were generally in the following ranges (one terminal, 
two lanes of pavement): 

Item 	 Cost ($) 

Steel finger joints 3000 to 4300 
Anchor lugs ($400 to $600 per lug for 
three or four lugs) 1500 to 2000 

Wide-flange beam (WF 12 x 58) 1200 to 2000 
Asphaltic concrete strip on sleeper slab 1300 to 1800 
Bituminous surface treatment on subbase, 
7.3by91.4m(24by300ft) 320 

Relief joints on sleeper slab 200 to 500 
Doweled expansion joints 80 to 110 

Obviously, bituminous or flexible -approach pavements 
that are not on sleeper slabs cost no more than the con-
crete pavement they replace. Since each of these treat-
ments is usually constructed in combination with another, 
i.e., wide-flange beam plus two expansion joints, the 
total cost is the sum of the costs of the terminal compo-
nents. 

PERFORMANCE 

The performance of rigid pavement terminals can be de-
fined as the execution of the functions required or, in 
this case, the adequacy with which the terminal serves 
its purpose. This purpose may involve many factors: 
to the motorists, riding quality and safety; to mainte-
nance engineers, frequency and cost of maintenance and 
elimination of distress at bridge and railroad crossings; 
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to the management and taxpayer, economics; and to de-
sign engineers, parameters for fulfilling a specified de-
sign function. 

The 1973 survey for cyclic movements of rigid pave-
ments asked state agencies to describe, for the end 
treatments used, the initial cost, maintenance costs, 
and order of preference if more than one type of end 
treatment was used. The survey did not specify what 
factors should be used in rating preference, but the 
persons replying to the questionnaire presumably used 
judgment as to initial costs, maintenance costs, and rela-
tive elimination or control of excessive end movements 
as their criteria. Table 2 summarizes the replies for 
performance and maintenance costs for CRCP. 

The initial cost of the terminal does not seem to be a 
significant factor, since the difference in initial costs of 
the predominant types is approximately $300; anchor,  
lugs are $1500 to $2000 and wide-flange beams are 
$1200 to $2000. This difference, amortized over a 20-
year period, would be very small. Since the data on 
maintenance costs were generally insufficient, rating 
performance by maintenance costs is, at present, in-
conclusive. 

Ten states supplied a rating by performance. The 
remaining states either construct only one type of end  

treatment or did not reply because their service periods 
were insufficient. Of the states that replied, two ex-
pressed no preference between anchor lugs and wide-
flange beams; one of these was Texas, which has the 
largest percentage of CRCP in the United States. A pref-
erence of three states to one for anchor lugs over wide-
flange beams was given by the four states that did list a 
preference. In general, service periods for CRCP were 
too short for a conclusive evaluation of the performance 
of types of terminal design. 

States with jointed concrete pavements use signifi-
cantly different terminal designs. Ten states listed no 
terminal design, 14 use some variation of short slabs 
and expansion joints, 3 use anchor lugs, and 14 use some 
form of expansion joint, pressure relief joint, or asphal-
tic concrete strip larger than 7.6 cm (3 in) in width. 
Maintenance costs were minor, except for 1 state that 
reported high costs with anchor lugs and short slabs and 
1 that reported high costs with a 1.2-m (4-ft) asphaltic 
concrete strip on a sleeper slab. The listing for order 
of preference was inconclusive since only five states 
listed a preference and none of those agreed. In general, 
most states used either no terminal design or only one 
type, and they seemed to be satisfied with the result. 

Summary and 
Recommendations 

The ends of continuously reinforced and jointed rigid 
pavements will experience considerable movement; if 
they are restrained, they will exert considerable force 
on the restraining mechanism. Structures or pavements 
that abut these pavements may be damaged unless pro-
visions are made for their protection. There are two 
approaches to solving the problem. One is to accommo-
date the movement by providing sufficient space (joints) 
in which the end of the pavement may move. The other 
is to partially restrain the ends with some form .of an-
chor system and to provide space to accommodate the 
reduced movement. Questionnaires revealed that, for 
CRCP, both procedures are used; anchor lugs may be 
used and preferred slightly over wide-flange beam 

joints. For jointed pavement, the predominant proce-
dure used was to accommodate the movement by pro-
viding space for the end movement to occur. 

This study has revealed no superior method of ter-
minal treatment in terms of performance or total cost. 
As a consequence, it is recommended that the design 
agencies continue to use the procedures and techniques 
that have been successful in the past. In addition, it is 
recommended that a long-term monitoring project be 
initiated to obtain cost and performance data for the cur-
rently used procedures in order to establish an optimum 
design or designs. This will require consideration of 
performance criteria; pavement type; environmental con-
ditions; and initial, maintenance, and user costs. 
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