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Unrestrained end sections of continuously-reinforced concrete
pavements have been observed to move several inches longi-
tudinally due to thermal, shrinkage, or swelling strains. Dur-
ing the last few years a number of continuous slabs have been
provided with subgrade anchors of various configurations to pre-
ventthese large end movements. This paper reports an experi-
mental and theoretical study to develop guidelines for selecting
and designing a suitable end anchor system.

A full-scale experimental investigation of two different end
anchor configurations—a cylindrical pile-shaped anchor and a
rectangular solid-shaped anchor—was conducted. Four test
anchor units were subjected to a horizontal thrust applied by a
jackingframe at the pavement slab level. Two of the test units
were rigidly attached to a 15-ft length of 10-in. thick slab to
simulate the interacting anchor-pavement system. The other two
test anchor units were without attached slab. Loads, deflections,
and rotations were measured.

Atheoretical analysis has been developed for the elastic and
plastic range of end anchor response. The more complex theo-
retical solutions have been presented in the form of curves for
use in design.

® A CONTINUOUSLY-REINFORCED concrete pavement slab may expand or contract due
to changes in temperature, moisture, chemical reaction, or mechanical stress. The
resulting movement of the slab relative to its subgrade creates frictional stresses that
oppose the movement. These subgrade frictional stresses prevent the development of
a part of the potential slab strain but not all of it.

The movements discussed here are longitudinal expansions or contractions at the
ends of a long slab. Movements of as much as 4 in. have been observed at the ends of
continuously-reinforced concrete slabs (10). Such large movements must be either re-
strained or accommodated by expansion joints. Expansion joints capable of accommo-
dating such movements are rather elaborate and may require considerable maintenance
expenditure.

Zuk proposed that subgrade anchors be used to prevent excessive end movement and
since that time a number of end anchor systems have been built in several States.
Figure 1 shows a longitudinal section of the type of system that has commonly been
used. The depths of vertical anchor units have ranged from 1 to 8 ft, and the thicknes-
ses from 1 to 2 ft. Rectangular units extending the full width of the pavement slab and
vertical cyclindrical units have been used (2).

There have been instances of conventional jointed concrete pavement expanding and
exerting damaging forces against bridge structures. Such forces have been known to
push abutments and piers out of alignment, to shear anchor bolts, and to move super-
structures. To prevent these excessive expansions some States have used subgrade
anchors. Texas, for example, has installed a large number of end anchor systems
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Figure 1. Longitudinal section of anchor system.

with jointed pavement as well as with continuously-reinforced pavement (4).

The study reported here was primarily concerned with subgrade anchor systems for
use with continuously-reinforced concrete pavement, and the theoretical analyses and
experimental investigation are discussed from that viewpoint. In a later section of the
paper, subgrade anchors are discussed in relation to their possible use in jointed pave-
ments.

The objective of the study was to develop a rational analysis of end anchor units and
of systems of anchor units in series. A theoretical and an experimental investigation
were conducted. In the theoretical phase the elements of the problem that are of most
direct interest to the designer were considered. The experimental phase, which was
considerably more limited in scope than the theoretical phase, included a full-scale
field loading test of two different configurations of anchor unit.

LONGITUDINAL MOVEMENT OF PAVEMENT SLAB

Figure 2 shows some of the measurements of longitudinal movement along an ex-
perimental continuously-reinforced concrete pavement reported by Van Breemen (9).
The horizontal scale represents the slab length of 5,130 ft. The vertical scale indicates
the longitudinal movement of various points. Movement to the right is plotted above
the abscissa. Thus, contraction of the left end is plotted above; and contraction of the
right end is plotted below. The maximum movement is at each end, and the movement
decreases at a decreasing rate to practically zero a few hundred feet from the end, as
would be expected.

An explanation for the predominant nature of the curves in Figure 2 can be developed
by examination of an idealized mechanical model. In Figure 3a the model represents
one-half the length of a long slab having the following properties:

1. Uniform thickness, density, and linear elastic properties;

2. Uniform volume change due to temperature, moisture, etc., if not restrained
by forces external to slab; and

3. Uniform friction coefficient relative to subgrade on which it is supported.

If there is no volume change due to temperature, moisture, etc., the only forces
acting on the slab are its weight and the vertical subgrade reaction to that weight. K,
however, there is longitudinal expansion or contraction of the slab, there is a uniform
frictional stress throughout the region of longitudinal movements. The frictional
stress acts on the slab in the direction opposite to the direction of movement.

Because the slab is assumed uniformly linear elastic, the components of horizontal
strain due to different causes can be considered separately. Consider the case of the
slab contracting due to temperature decrease T. The horizontal strain at any point
due to temperature change is

€t=—O£T (1)

in which « = coefficient of thermal expansion.

If the orgin of the x-axis is at the free end of the slab, the strain due to uniform
subgrade is

T2 @)
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Figure 2. Movement of continuously-reinforced concrete pavement in New Jersey (9).
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Figure 3. Idealized model of continuously-reinforced slab.
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in which
g = constant coefficient of friction;
w = slab weight per unit area;
A = slab cross-sectional area per unit width; and

E

The horizontal movement of a point on the slab relative to the end of the slab is there-
fore

elastic modulus.

X X LWX
b = 6 + 6 =- |aTdx + —= dx
o‘[ s AE

2
e —aTx+% (3)

The total movement including the movement of the slab end & is thus

by = - aTx + AMX )

This function is plotted in Figure 3b. At point x = p the curve is horizontal. Beyond
that point there is no movement of the slab and no net strain, The strain due to tem-
perature change is numerically equal (but of opposite sign) to that due to friction stress,
In Figure 3b the three terms of Eq. 4 are separately indicated. The § x curve is tan-
gent to the 6; curve at x =0, and is tangent to the x-axis at x = p. The conditions of
zero strain and movement at x = p yield the two equations:

w
-aT+-iTp=0 (5)
and
- bW 2
bo-aTP + 535 P 0 (6)

These simultaneous equations yield the solutions

AE

p= ﬁ o T (7)
and
_AE 2
& =5 @) (8)

The amount of horizontal movement of the end of the slab could be further reduced
by the addition of a horizontal force P at the slab end. The horizontal strain due to
P would be P/AE and the movement of any point would be Px/AE.

This additional restraint would modify Eqs. 5 and 6 to

- P pw
ozT+AE + AR p=0 9)
P w
bo-an+ﬁp+-2AP—Epz=0 (10)

The distance to the point of no movement would be

P

_AE P
AE

p..MW (T -

(11)
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and the end movement would be

_AE p
5 = 5w (aT—AT (12)

If the force P is applied at some distance h<p from the slab end the corresponding end
movement would be

2

AE
2uw

P Ph
- aE) T AE (13)

6y = (aT

If several horizontal forces were applied at various distances h, < p from the slab end
the resulting free end movement would be

K 2 K
AE Pn Pn hn
[ = — (€ - _— —_—
0 2uw nzz:l AE) T ngl AE (14)
in which
¢ = sum of strains due to temperature, moisture, etc. (i.e., a T in previous
discussion);

Pn = various horizontal forces (P;, P, ..., Pg); and
h, = distances to corresponding horizontal forces (hi, he, ..., hK).

This equation for an idealized slab model is now examined in relation to the real prob-
lem of preventing excessive movement of a continuous pavement slab.

Experimental data (5) indicate that subgrade friction increases at a decreasing rate
with an increasing movement of the slab (Fig. 4). Thus, Eq. 14, which was developed
for a constant friction coefficient u, would give only a rough approximation of actual
end movement. In a later section of this paper an analysis is presented that takes into
account this friction variation.

The last term of Eq. 14 indicates that the smaller the distance h to the point of ap-
plication of a force P the more effective the force. This would be true whatever the
nature of the force mechanism. If the force P is developed by passive resistance of a
subgrade anchor, such an anchor would in general develop a greater force if located
nearer the slab end where movement is greater. Of course, there is a limiting mini-
mum spacing between anchor units beyond which the individual units interfere with ad-
jacent ones. But, an anchor system is most efficient when the units are bunched at that
minimum limiting spacing near the slab end. The determination of the minimum spac-
ing is discussed later.

THEORY OF SUBGRADE ANCHOR
RESISTANCE

The resistance of the slab to rotation
of the slab anchor joint is considered first.
Then the elastic and later the plastic re-
sistance of the vertical anchor to horizon-
tal deflection are examined. Plastic be-
havior is discussed particularly as it re-
lates to minimum anchor spacing. Finally,
the requirements for the bending and shear
strengths of the reinforced concrete ele-
ments are considered.

Coeificient of subgrade friction

Movement relative to subgrade The entire analysis is made for a longi-
tudinal cross-section element of 1-in,
Figure L. General nature of subgrade fric-  width, A condition of plané strain is as-

tion-movement relationship. sumed to exist
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Figure 5. Assumed elastic system.

Elastic Analysis

Figure 5 shows the assumed elastic system., The symbols v, E, I and K repre-
sent Poisson's ratio, the elastic modulus of the concrete, the moment of inertia of the
concrete member, and the modulus of reaction of the subgrade soil, respectively.

The subscripts s and a identify the properties of the slab and anchor, respectively. The
soil modulus K is assumed to be defined by

p = bKyy = Ky (15)
in which
p = normal pressure at soil-concrete interface due to deflection;
y = transverse deflection of slab or anchor;
b = width of the deflected concrete elements (1 in. for this analysis);
Ko = soil modulus, constant ratio of pressure to deflection for any width of ele-
ments; and
K = abbreviation for bK, in this analysis (Ib per cu in.).

It is assumed that the weight and stiffness of the system are sufficient to prevent
significant vertical movement of the joint. Because N > N, the slab is displaced to
the right. As the top of the anchor is deflected horizontally, rotation of the anchor is
partially restrained by the slab and a bending is induced at the joint. Hetenyi (g) gives
a solution for the deflection of an infinitely long beam with axial load N and transverse
moment Mg (Fig. 6) as

Mo e** (16)
V= TR1 o ShBx

= N
*= YVaer * 7EI

N
£ = VV 4EI -~ 4EI
The corresponding rotation at x =0 is

M, (17
0 4EIlw

in which

e

The ratio of applied moment to rotation is

C=M—0=4EIoz

= 4au14/e/- K. , _N_ (18) Figure 6. Infinite bean on elastic founda-
4EI1 4EI tion with transverse applied moment.
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To apply this solution to the present problem of plane strain, the effective stiffness of
the slab must be modified to give

] 2
c =_1;/I_c())_= 4EsIszl}Ks{1 v*) N N (1 -v%) (19)
(1-v% 4 Eg Ig 4Eg Ig
In an effort to simplify this relationship for the present problem, the importance of N
in relation to C was studied. It was found that for a wide range of N (from a tension of
60, 000 psi in 0.6 percent steel to a compression of 5,000 psi in conerete) and for a
wide range of other properties (that is, v =0,15; EI= 15 x 10" to 45 x 107 Ib-in.”;
K = 100 to 1,000 psi) the maximum variation in C is about 10 percent. This was con-
sidered sufficient justification for dropping N in Eq. 19 to obtain

_ Mo _ Egts’ I
C=3.% J[I&(l—vz)] - Ks (a0

in which tg = slab thickness.

Figure 7 is a plot of C vs tg for Eg = 4 x 10° psi and v = 0. 15.

There is also a question of C being reduced due to interference from an adjacent
anchor unit. The slope at any point along the infinitely long beam shown in Figure 6
is (3, p. 129).

ﬁ e ** (8 cos Bx - o sin Bx) (21)

The point at which 6y = 0, x¢, may be found by setting the right side of Eq. 21 equal to
zero. This gives

Xe = %arctan aﬁ (22)

The change in N throughout the vicinity of x = 0 is assumed to be sufficiently smallto per-
mit superposition of elastic solutions. Thus, the rotation curves due to two adjacent
transverse moments can be added directly to get the rotation due to the pair. By doing
this, it can be readily demonstrated that, if two adjacent anchors are no closer than
Xe, the rotation of one does not increase the rotation of the other and thus decrease the
C-value of the other. To determine a reasonable maximum value that x; might attain,
Eq. 22 was used to determine x¢ to be 52 in, for the rather extreme values: N =3 x
10% Ib; Eg Ig =45 x 10" Ib-in.*; K = 100 psi; v = 0.3, The likelihood of anchors being
placed closer than 52 in, seems rather remote.

Two solutions reported by Hetenyi (g) have been combined to give a solution for the
anchor element (Fig. 8c). The equations for deflection and rotation at the point x = 0
of the anchor element loaded with the horizontal force P (Fig. 8a) are

2 PB sinh BH cosh BH - sin BH cosfHN _ 2 P 8
= = g (23)
. K ( sinh® BH - sin® BH K
and
2P ,sinh®BH + sin® gHN _ 2P B° 94
%2 = "7 (sinhzﬁH - sin® BH> =Tr & @)
in which

K (1 -1
B =V_4"E1

H = anchor depth.

The corresponding equations for the anchor element loaded with the moment Mo (Fig.
8b) are
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Figure 7. Moment-rotation ratio vs slab thickness.

2 Mo B° /sinh® BH + sin® BH ~ 2 Mo 8°
vb = - = -2Mof 25
K <-sinh2|31-l - sifgH”/ K B (25)
and
4 Mo B® ,sinh BH cosh BH + sin BH cos BH 4 Mo B® -
6 = = 26
b x & sinh? BH - sin® BH ) x & (26

Eqgs. 23 through 26 can be combined to give the deflection and rotation at x = 0 for the
combined loading condition (Fig. 8c).

2P 2 Mg B2
Ye = K_B g1 - '—k(igz 2m
6o = 4Mo B’ 2PB" (28)
C K 23 K 2

The moment and rotation at the top of the
anchor are numerically equal to the mo-
ment and rotation of the slab at the joint.
But the moment acting on the anchor is
in the direction opposite joint rotation,

M
whereas the moment acting on the slab N 72 f:\f °
is in the direction of rotation. Thus,
from Eq. 20,
1
3 2 ]
9c=——4M£B ga'ziﬁ gz%o— f
or Y 1
9
(a

2
Mg [-——4K gz + é]'zgﬁ ga=0

(b} (c)

(29) Figure 8, Elastic model of vertical anchor.
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Eq. 27 can be subtracted from Eq. 29 to eliminate Mo, thus giving y; in terms of P,
B, H, K, and C as

3 2
Ve = 2§'3 g - % (30)
a (487 ga + tr)

This equation can be rearranged and divided by H to get

P _ 1
Ka yH 2 ﬁaH g, - 2 gaa irzzl{’
(48, & + B2)

The subscripts a that were neglected for the derivation of Eq. 31 are inserted in the
equation to avoid confusion. The functions g, g», and gs are functions of 85 H only.
The factor y in Eq. 31 is equal to the horizontal movement of the slab at the joint, 6,
and the force P is equal to the anchor force. Plots of P/Ky H6 vs H for different values
of Ba and K5/C are given in Figures 9 a-d.

An infinitely stiff anchor of any length, rigidly fixed at the pavement joint, would
have the properties,

P

,B—_—O,C=m!a_nd

The curves in Figure 9 show how this quantity is decreased by a decrease in C or an
increase in 83 or H. For design analysis the curves can be used to determine the
anchor force P for an elastic system after the quantities 5, H, K3, 83, and C have been
determined. A plot of 8, vs anchor thickness ty for E; = 4 « 10° and v = 0. 15 is given
in Figure 10,

Plastic Analysis

The discussion of slab longitudinal movement showed that anchor units should be
closely bunched near the slab free end. One objective of the following analysis is to
determine the limiting minimum spacing beyond which closer spacing would result in
no greater efficiency of the anchor system. The other objective is to determine the
limiting plastic yield strength of anchor units placed at that theoretical optimum spac-
ing. For this problem it is assumed that the anchor units are far enough apart that
elastic displacement within the soil mass at one unit, due to forces exerted by other
units, is insignificant.

The two adjacent anchor units shown in Figure 11la may be used as an example. I
there is no horizontal movement of the anchor units, the planes ab, cd, and ef are acted
on by the "at rest" earth pressure, and the shear stress along plane bd is zero, As
the anchors are moved to the left the net force on plane ab is decreased, the net force
on cd is increased, and shear stress is induced along at least parts of planes bd and ac.
It is assumed that if movement is continued there will eventually be plastic shear flow,
characterized by no increase in shear stress, along one or more of the three planes
bg, bd, and dh. The precise locations and curved shapes of planes bg and dh are not
specified. The assumed flow directions are shown in Figure 11la by arrows.

Figure 11b shows the net horizontal forces acting on the soil body abdc. Equilibrium
conditions require that

S-F = Pp- Py (32)

This equation necessarily holds throughout the elastic and plastic range of response.
For the limiting plastic values of Py and Pp, designated Pa' and Py', todevelop, it is
necessary that the value of S - F be sufficiently large to hold the body abdc in equilib-
rium, That is, if the anchors are too close together, shear flow will develop along
plane bd before it does along planes bg and dh.
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Figure 11. Plastic model of adjacent anchors.

If the subgrade soil properties are uniform and if there is plastic flow along planes
bg, dh, and fi, equal forces Py' are acting on planes ab and ef, and the net horizontal
force on anchor cdfe is Pp' - Py'. That is the limiting maximum force that can be de-
veloped by an anchor. If the anchor units are so far apart that plastic shear flow does
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not develop along plane bd when the limiting anchor force Pp' - Py’ is developed, the
anchor system does not develop the full potential strength of the subgrade soil. This
argument leads to the conclusion that, if movement is sufficient to develop plastic flow
along either of planes bg, bd, dh, or fi, the optimum anchor spacing is that spacing at
which shear flow will develop on all four planes. At that spacing the following equation
will apply:

S'-Ft = Py - Py’ (33)

in which S' = limiting plastic shear force along bd.

The force F; acting along plane ac is assumed to be equal to the product of the slab
weight and some uniform soil property constant G. The limiting shear force S' acting
along plane bd is assumed to consist of a component equaltothe product of the soil con-
stant G and the weight of material above plane bd and a component that is independent of
the weight of the material above bd. Thus S' may be thought of as consisting of a com-
ponent Ft and a component that is independent of the slab weight, say Py'; that is,

S' = Py' + Ft (34)
Substitution of Eq. 34 into Eq. 33 gives

Pp' = Pp' - Pp' (35)

in which Ph' = component of limiting shear stress along plane bd that is independent of
slab weight.

It is fully realized that the movement of a real two anchor system such as shown in
Figure 11 would very likely not be characterized by shear flow initially developing
along planes bg, bd, dh, and fi at the same time. Also, the rates of increase of the
forces Pp, Pp, and Py from zero to their limiting values Pp', Pp' and P,' would in
general not remain in constant ratio. Therefore, the theoretical optimum spacing of
anchor units for movements large enough to induce plastic flow would not necessarily
be the optimum spacing for lesser movements. And the movements of all or at least
some of the units of a pavement anchor system would likely remain less than that re-
quired for plastic flow, But if the ratios of the rates of increase of Pp, Pp, and Py
are not too variable throughout their entire range, then the optimum anchor spacing
throughout the range would not be too different.

The reasoning leading to Eq. 35 would seem to be valid regardless of the precise
nature of the boundary conditions along the surface bacd. But to simplify the problem
for a numerical parameter analysis, the following rather extreme assumptions are
made.

It is assumed that the conditions at the boundary of the soil body, abdc (Fig. 12) due

L' ;-{
a B h E
/ 4 ~
50+ 3 #_}\/ 459 -%2
/ \ 1
> H \\ — P
4 / ~ p
~
b S d
Ph'

Figure 12. Soil in assumed Rankine state of plastic equilibrium between anchors.
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to the weight and stiffness of the pavement slab and anchor units, are compatible with
the Rankine theory of earth pressure (6, pp. 26-48). This assumption includes the con-
ditions that there be no shear stress along planes ab and cd and that there be no stress
along plane ac.

In Rankine's theory it is assumed that the limiting shear stress on surfaces of plastic
shear flow is given by Coulomb's empirical equation

Y =¢+ 0 tan ¢ (36)
in which
¢ = shearing resistance that is independent of effective normal stress;
o = effective normal stress transferred by intergranular contact along shear plane;

and

® angle of internal friction.

The theory assumes that ¢ and ¢ are material properties that are constant for any
direction of shear, for any magnitude of effective normal stress G, and at any point in
the shear zone. This assumption is only approximately correct even if ¢ and ¢ are
selected on the basis of careful test (1, 6). But if ¢ and ¢ are determined by tests
closely approximating the stress, stress history, and moisture conditions of the anchor
system subgrade, the results should be sufficiently accurate for engineering design
purposes.

Figure 12 shows the soil body abdc in the assumed Rankine state of plastic equilib-
rium and for which Eq. 35 will be assumed to apply. There is shear flow along planes
bg, dh, and bd, According to the Rankine theory (6, pp. 26-48) the inclined planes
are at angles of 45° £ ¢/2 and the active and passive earth forces are

z2
p.' = ys H _ 2cH 37
a 2 tan® (45° + ¢/2)  tan (45° + 0/2) 0
p.' =28 H tan? 0 0
p =9 an® (45° + ¢/2) + 2 c Htan (45° + $/2) (38)

Eq. 37 as written assumes that the soil can exert a normal tensile stress along the
upper part of plane ab down to a depth equal 2 ¢/yg tan (45° M ¢/2). Because soil in
general does not develop significant direct tensile strength it is commonly assumed that
any direct tensile stress included in Eq. 37 is zero. This is accomplished by the addi-
tion of the term 2 ¢®/y to Eq. 37 (8 p. 149) to get

P o= ys H’ _ 2¢cH . 2c¢
a 2 tan® (45° + ¢/2) tan (45° + ¢/2) Y

(39)

If the depth H is less than the quantity 2 ¢/yg tan (45° + ¢/2) it is commonly assumed
that the active force P,' =0.

When plane bd (Fig. 12) is in a state of plastic flow it is assumed that the shear
stress is given by Eq. 36, The total shear force on plane bd is thus

Ps' = L' (c +0 tan ¢) (40)

For this application it can be safely assumed that strain rate is slow enough that water
pressure in the zone of shear yielding is unaffected by the shear strain. The effective
normal stress ¢ is given by

G =0-hyry (41)
in which

o = total normal stress on plane bd;
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unit weight of water; and
height of soil saturation above plane bd.

Yw
hw

If the soil is uniformly saturated up to the subgrade surface the effective normal
stress on plane bd is

o=Hyvy -H yy = H{y - vy) (42)

in which y = unit weight of saturated soil. K the soil is unsaturated throughout the
depth H the effective normal stress on bd is o = Hy. I ¥ designates the effective
unit weight of the soil, that is (y - yw) for saturated soil and y for unsaturated soil,
the effective normal stress on plane bd for uniform soil conditions throughout the depth
H is

=% H (43)
The corresponding shear force developed along bd is

Pg' = L'c + L'y Htan ¢ (44)

By substituting Eqs. 38, 39, and 44 into Eq. 35 the optimum clear spacing between
anchors L' can be determined to be

_?__E_ 2 /g0 , 2> _ 2 o _ ¢ ] [ 45° P~ 0__\]”2_0
T [ta.n (45° + 5 ) - tan (45 2)_+ 2 tan< +2)+tan<45 3 i

L'
vy tan ¢
: (45)
i 2c 2 0 5
for the condition H > =2 tan® (45° + 2).
. . 2¢ 0o, 9.
The corresponding solution for the condition H = 7 tan (45" + 5—) is
7 H 2 0 ?ﬁ_"- 2 t 0 2
Lo Ze B (48° + g ) + 2tan (85" + 3) (46)
ytang 1
(¢ H

Solutions to Eqs. 45 and 46 are shown in Figure 13 giving the ratio of L'toHfor a
wide range of values ¥, ¢, ¢, and for anchor depths of 20 and 100 in. The curves for
c=0and ¢ = = are the same for any values of H and Y. It appears that all practical
problems having H less than 100 would yield solutions within or very near the band of
solutions shown in Figure 13b. Thus, according to this theory the anchors should be
at least 2H apart. They could be spaced up to the vicinity of 5H for very strong soil
without loss of efficiency. It is obvious that the curves in Figure 13 do not permit
accurate linear interpolation, so Eq. 45 or 46 should be used for specific solutions that
are not given by the curves.

E there is plastic shear flow along plane bd, the net force developed against an
anchor unit such as cdfe in Figure 11a is Eq. 40. But a weakness of this analysis is
that it does not predict the movement necessary to develop the full plastic resistance
given by the equation. In an earlier section of this paper the elastic response of an
anchor unit was analyzed. Here, the limiting case of plastic response was considered.
But between the approximately linearly elastic range and the plastic flow range there is
a range of behavior about which relatively little is precisely understood.

Figure 14 shows a load vs displacement curve of the type commonly assumed to
exist for engineering analysis of subgrade structures. It is commonly assumed (for ex-
ample, 7, p. 322) that the load-displacement curve follows a straight line such as 0y
up to a limiting elastic load Pe equal to one-half the limiting plastic load Py. Beyond
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Figure 13. Theoretical optimum spacing-depth ratio for various anchor depths and soil
properties,

that point, in accordance with experience, it is assumed that the curve bends appreciably
to the extent that the minimum plastic displacement 8, is several times the maximum
elastic displacement 8. In the analysis of a pavement anchor system it is required

that the anchor resistance P corresponding to a predetermined displacement & be de-
termined. Unless something is known of the shape of the curve bc (Fig. 14) or of the
ratio of 6y to b¢ it is proposed that the assumed anchor resistance be limited to one-

half the plastic resistance. In the design procedure proposed in the next section of this
paper the anchor force corresponding to a given deflection is determined by elastic
analysis with the limitation that, if the force so determined exceeds one-half the limit-
ing plastic force, the anchor resistance is taken to be one-half the plastic force.

Shear and Moment Analysis

To determine the shear and moment strength required in the anchor, the conditions
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shown in Figure 15 are assumed. The a
force P is equal in magnitude to the an- l i
chor resistance force determined by e- /
lastic or plastic analysis as previously Py |— I
discussed. P is also the resultant of i

the subgrade horizontal pressure that is /
assumed to increase linearly with depth. /
The resulting moment at the top of the an-

chor, and applied to the slab, is e | 7
_ 2 ’
M, = 3 PH (47) /
The assumption of P acting at 2H/3 is i o R

rather arbitrary. P could actually act at
a higher or lower point depending on an-
chor stiffness and soil deformation condi-
tions. In the extreme limiting case P
could act at the anchor bottom, but the as-
sumption of P acting at 2H/3 is probably
sufficiently conservative for engineering purposes.

The problem of shear and moment in the slab adjacent to the joint is more complex.
It is complicated by such facts as (a) soil does not develop significant tensile strength,
(b) axial loads and transverse traffic loads are acting along with anchor loads, and (c)
bending and shear cracks might well develop near the joint. The complexity of the
problem would seem to justify a trial and error approach; that is, design should be ad-
justed on the basis of careful observation of the performance of anchor joints in the
field. The following analysis, based heavily on intuition and simplifying assumptions,
is proposed for design guidance, subject to modification as indicated by field observa-
tions.

It is assumed that axial loads in the slab and traffic loads have negligible effect on
the distribution of the shear and moment that is induced in the slab by the anchor mo-
ment. Hetenyi (3 p. 14) gives expressions for the deflection, rotation, moment, and
shear of an infinitely long beam loaded with a concentrated transverse moment. His
expressions, modified for plane strain conditions and with notation modified to conform
with that used elsewhere in this paper, are

Figure 1L. Load-displacement curve of type
commonly assumed for engineering analysis.

-Bs X

V= TR e sin 8 x (48)
3
6 = M(;(Bs e_lSS X (cos Bs X - sin BsX) (49)
s
M = 2% e Ps¥ ¢os Bs X (50)

Slab of unlimited length

3 {
_/"//// S SS S LRSI EL A
subgrade with property Kg e % H

L\ P

Figure 15. Assumed condition for moment and shear analysis.
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VvV = '% Bs e P x (cos Bg x + sin Bgx) (51)
in which
4 2
By = Kg (1 - %)
s 4 Eglg
X = distance from joint along slab.

A plot of g Vs slab thickness ts for Eg = 4 x 10° psi and v = 0. 15 is shown in Figure
10. Figure 16 shows the general shape of the curves corresponding to Eqs. 48 through
51. It is proposed that these four equations, with the modifications suggested in the
following paragraph, be assumed to apply to the slab in the vicinity of an anchor.

Because the subgrade soil cannot actually develop tensile stress, it appears likely
that the greater part of the shear and moment induced by the anchor will be balanced by
the downward deflected side of the slab (Fig. 16). Therefore, it is recommended that
the slab be designed to withstand double the moment and shear given by Eqs. 50 and 51,
But if two adjacent anchors are closer together than two times the distance to the point
of zero moment given by Eq. 50 (Fig. 16) the moment should be assumed zero midway
between the anchors. It is recommended that reinforeing steel required for anchor-in-
duced moment and shear be provided in addition to the normal continuous pavement
reinforcing steel. It is also recommended that the slab thickness be sufficient to resist
either the anchor-induced loads or the traffic loads, whichever is greater.

RECOMMENDED PROCEDURE FOR ANALYSIS AND DESIGN

The following paragraphs outline a recommended procedure for the analysis and de-
sign of an anchor system. At the end of this section a numerical example is presented.
The reader may wish to refer to earlier
sections for definitions of terms or for
theoretical justification of some of the
following.
Temperature, Moisture, or Chemical
Strain. —An anchor system should be de-
® signed to accommodate a selected unit
strain €. This strain might be induced
by changes in temperature, moisture, or
chemical state of the pavement slab. A
detailed study of these phenomena is be-
yond the scope of this paper, but consider-
able information on this subject is con-
tained in the technical literature,

End Movement. —End movement 6
should be assumed equal to the range of
the expansion joint to be provided at the
slab end. The greater the end movement,
© the smaller the required anchor forces.
Thus, an expansion joint of the greatest
range practical should be used.

Soil Properties. —The following prop-
erties of the subgrade soil in place must
be determined or assumed:

®)

@

1. Coefficient of vertical subgrade
reaction under the slab, Kg.

2. Coefficient of horizontal subgrade
reaction throughout the anchor depth K.

3. Angle of internal friction, ¢.

4. Effective cohesion, c.

Figure 16. Hesponse of infinite beam on
elastic foundation due to transverse mo-
ment applied at x = 0,
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5. Effective unit weight of soil throughout the anchor depth, ¥, as defined for
Eq. 43.

Subgrade Friction. —A curve of subgrade friction coefficient vs movement must be
assumed.

Concrete Properties. —Poisson's ratio ¥ and the elastic modulus E must be deter-
mined or assumed.

Anchor Dimensions. —The selection of anchor dimensions would seem to require con-
sideration of construction methods. Holes for cylindrical anchors can be dug with a
power-driven auger. Rectangular trenches can be dug with a variety of trenching ma-
chines. Either shape can also be dug with hand tools. Of course the deeper an anchor
is, the more resistance it can develop. Once the maximum bending moment and shear
have been determined, the anchor dimensions should be checked for sufficiency.

Anchor Spacing. —It is recommended that the required clear spacing between anchor
units be calculated using Eq. 45 or 46 or by reading directly from Figure 13. Itis
also recommended that the first anchor unit be located at a distance from the free end
equal to the anchor depth. The latter recommendation-is based more on intuition than
on theoretical analysis.

Limiting Anchor Resistance. —The theoretical limiting anchor resistance Pg' can be
calculated by Eq. 40. It is recommended that one-half that value be used as the maxi-
mum resisting force developed by a single anchor.

Anchor Bending Moment and Shear. —The maximum bending moment and shear in
the anchor at the joint should be determined as discussed above under "Shear and Mo-
ment Analysis.' The maximum shear is equal to the anchor force P. The maximum
bending moment is assumed to be given by Eq. 47. At this point, the anchor dimensions
should be checked for sufficiency.

Slab Thickness. —It is recommended that the slab be thick enough and reinforced
enough to withstand double the moment and shear given by Egs. 50 and 51. Steel re-

Point of fixity
® ® ® o[
| uf | | | |
| L | L L H
iy N [ [
Figure 17. Line diagram of anchor system.
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Longitudinal movement of slab in numerical example.
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quired for anchor-induced moment and shear should be provided in addition to the regu-
lar continuous pavement reinforcing steel (the discussion under "Shear and Moment
Analysis" gives further guidance on steel placement). Reinforcing steel should be
checked for bond, minimum spacing, and cover before proceeding,

Joint Moment-Rotation Ratio, —A satisfactory approximation to the moment-rotation
ratio C can be calculated using Eq. 20. If the concrete properties are in approximate
agreement, the value of C can be read from Figure 7,

Elastic Anchor Resistance. —The value of the anchor characteristic Ba can be calcu-
lated using the definition given with Eq. 24 or it can be read from Figure 10 if the con-
crete properties are in approximate agreement. With Ba, Ka, C, and H known, the
value of the anchor resistance constant R = P/H Ka 6 can be interpolated using Figure
9. The numerical example presented later illustrates interpolation among all four of
the families of curves of Figure 9 to evaluate the anchor resistance constant R,

Longitudinal Movement Analysis. —After the preceding quantities have been deter-
mined the following steps can be performed to complete the anchor system analysis.

1. Determine movement 6, at point 1 (Fig. 17) as the end movement minus the
movement at point 1 relative to the end; that is,

61 = 6o - €H (52)

2. Knowing R, H, K, and §,, compute the elastic resistance of anchor 1 using

P =RHK; 6,. (53)

The value of P must be compared to Pg' /2. The smaller of the two values should be
used as the anchor resistance force P,.

3. Determine movement 6, at point 2 (Fig. 17) as the movement 6, minus the
movement at point 2 relative to point 1; that is,

_ 5 - P, L (54)
62 = 61-€¢L + AR
4. Repeat step 2 to determine P,.
5. Determine 65 to be

6a= 6 - €L+ (P1+ Py) = (55

6. Repeat for additional anchors as necessary.

7. Plot a graph of 6 vs position along slab, as in Figure 18, For a satisfactory
design, the curve must become horizontal at some point at or above the horizontal
axis, 6 = 0. K the curve becomes horizontal far above the horizontal axis, the system
is overdesigned. The total axial force TP acting on the slab at some point beyond the
last anchor unit must be equal to or greater than given by

ZP = AE ¢ (56)

in which A is the cross-sectional area of that part of the slab beyond the last anchor.
(A in Eq. 56 is not necessarily the same magnitude as A in Eq. 55.) That is, the
total restraining force must be sufficient to develop a mechanical strain equal to the
temperature, moisture, or chemical strain, The total force consists of anchor forces
and the subgrade friction forces acting in the zone between the last anchor and the point
of fixity. For numerical analysis, the distributed subgrade friction between the last
anchor and the point of fixity can be assumed concentrated at several separate points,

Numerical Example, —The following calculations are for a system of 1-in, width,
The following dimensional quantities are chosen:

End movement, 6§, = 0.4 in,



69

Anchor depth, H
Anchor thickness, t;

60 in.
16 in. (rectangular anchor)

The following soil properties are assumed:

Horizontal coefficient, K, = 200 psi
Vertical coefficient, Kg = 100 psi
Internal friction angle, ¢ = 32°

Cohesion, ¢ = 10 psi

Effective unit weight, ¥ 120 pef = 0.0695 pci

The following concrete properties are assumed:

4 x 10° psi

0.15

7 x 107 per deg. F
150 pef = 0.0868 pci

A strain due to a pavement temperature increase of 50° F' is assumed. Moisture and
chemical strain are assumed zero. Thus the strain to be restrained is € = 50 x 7x 107°
= 3.5 x 10™*. The subgrade friction curve shown in Figure 19 is assumed.

Anchor spacing is calculated as follows:

Elastic modulus, E
Poisson's ratio, v
Thermal coefficient, «
Unit weight, v¢

oo

o ®%_ 2x 10
? ta.n<45 +§‘J—

o
00695 tan (450 + Ezz— = 512 > 60 in.

Therefore, use Eq. 16.

YH . 2 /400 9 o ®~ 0.0695 x 60 2
' f— tan (45 + 2) + 2tan<45 + 2) D (1.804)° +2 (1.804) _
ol ytan _ 1 = 0. 0695 1 =204 in.

c ' H 10

Adding the anchor thickness of 16 in. gives a spacing L of 220 in. center to center.
Limiting anchor resistance by Eq. 40 is

Py’ = L' (c+7 H tan ¢) = 204 (10 + 0.0695 x 60 x 0.625) = 2,570 Ib

Ps'_ 213_79 = 1,285 1b = maximum shear

2
Maximum anchor moment by Eq. 47 is
M, - 2 PH=2 x 1,285 x 60 = 51,400in. -Ib

The 16-in. anchor thickness is sufficient.
Maximum slab moment and shear due

only to M, (that is, neglecting axial and 2 4
traffic loads on slab) are assumed to be g
twice those values given by Egs. 50 and g .
51. E 2
Max. M =292 = 51,400 in.-Ib g
2 M :
Max. V = =50 fg = 51,400 x0.0164 £
= 843 1b 0 0.1 0.2 0.3 0.4

Slab longitudinal movement, (in.)

The value Bg = 0.0164 per in. is taken o
from Figure 10, assuming a 10=-in. thick Figure 19. Assumed sgbgrade friction curve
slab adjacent to the anchors. A 10-in. for numerical example.



70

slab can resist the moment if double reinforcing is provided near the anchor. The slab
would have a theoretical shear stress due to the anchor moment, of about 103 psi,
which is assumed satisfactory for this example.

Joint moment-rotation ratio C from Figure 7 is 2.27 x 107 in. -1b. The ratio

Ka _ _ 200 Ib/in.*
C  2,27x 107 in.-Ib

From Figure 10, 8; = 0.0138 per in.

Elastic anchor resistance constant R is interpolated from Figure 9 as shown in
Figure 20. For each of the four values of Ka/C plotted in Figure 9, one point is plotted
in Figure 20, The values are read from Figure 9 for an H of 60 in. and are interpolated
by eye for a B3 of 0.0138 per in. Thus Figure 20 is a plot of R vs K/C for an H of 60
in. and a B, of 0,0138. The value of R for the present example is read from Figure
20 to be 0.683.

= 0,0000088/in.?

R = =0.683

P
HK; 6
thus,

P = 0.683 x60x 2006 = 8,200 6§ 1b per in.

N——————— R=10.683

6 \\\\\
H=60
o i {
) Mg =0.0148 /in,
n
[«
4 __H—-\""'-il
K =0.88x101% /in3
y c
K
~{—=0.05 x 1075
e
2
0 0.5x 1079 2.5 x 10-9 5 x 1079

K/C (in 3)

Figure 20. Longitudinal movement of slab in numerical example.



Longitudinal movement:
6o = 0.4 in.
At first anchor located H = 60 in. from the end
6, = 8g - ¢H = 0.400 - 0.00035 x 60 = 0,379 in.
P = 8,200 x 0.379 = 3,1101b >%s_'= 2,570 Ib

therefore, P 2,570 1b
1 = 4

At second anchor located 220 in, from first anchor

P, L
- L 1
60~ <L+ (Fg)

62

220 ~
0.379 - 0.00035 x 220 + 2,570 (m/,

0.379 - 0.077 + 0.014 = 0.316 in,

and
1
P = 8,200 x 0.316 = 2,590 >£2S— = 2,570 1b
therefore,
p, = 2,570 1b
L
Bs = 65 - €L+ (P1+P2)7g
= = 220
= 0.316 - 0,077 + (2,570 + 2, 570) (10 o 106)
= 0.316 - 0.077 + (5,140) (55 x 1077) = 0.267 in.
P - 8,200 x 0,267 = 2.190 b < 2% = 2,570 1b
therefore,
Ps = 2,190 1b
L
84 = 63-EL(P1+P2+P3) ﬁ
- 0.267 - 0.077 + (7,330) (55 x 1077) = 0.230 in.
l- = 16" o — — ’1
-~
Blab 6* = 0= wide S - _4

%

|

e

1Bk

Figure 21, Four anchor units tested.
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Ps = 8,200 x 0.204 = 1,670 1b
éS:éi-eL+(P+P+P+P+P)L
6 5 1 2 3 4 5 AE
0.204 - 0.077 + (10, 880) (55 x 10”7 = 0. 187 in,

The longitudinal movments of points 1 through 6 are shown in Figure 18, By Eq. 56
the required total restraining force, assuming a slab thickness of 10 in. throughout the
pavement length, is

IP=AEc=10x4x10°x 3.5 x 10~ = 14,000 Ib

If a thinner pavement had been assumed outside the region of the anchors, the corres-
ponding area would have been used to calculate the required T P,

Anchors 1through 5 developa resistance of 10, 880 1b. The line from point 6 to 8 is
a straight extension of the line from point 5 to point 6. The theoretical movement
curve would actually fall above line 6-8. But by assuming that the movement is as
indicated by line 6-8, and by assuming that the subgrade friction coefficient is as shown
in Figure 19 the subgrade resistance between points 6 and 8 can be determined. Be-
tween points 6 and 7 subgrade resistance is

#6 9" o.c. x 15' - O #4 18" o.c. x 4' - g

iﬂ(;r(:;.o.sié;{f' -6 !,—-l" x 1™ (36" total length)
- —~3"  tube
o _{ | \ = = 'f
i Us w T il
= | - = ’
\ #5 9" o.c.x5' -BY i i __\_ 1t - g
-3 # 6 x 5" - 6"

Note: Anchor without attached slab has same @-ﬂ &
reinforcement and dimensions as \ _ 3 - #5 bent _‘ "
anchor shown Lol

| e

% 9"o.c. x15' - 0" __ #4 18" o.c. x 5' - on
—#™ 30"o.c. x5 -6
g — +.. 1" clear around stem
0 &S 4 — 4 - #6 x 5' - 6"
x
L
4
i

Ié

1t -

T Fi A
LTSN . = 1
i L .I. ' -
- I N about 2" rad.
% . 4| = =
3-#6x5 - 6" 3 =2 E 5
2 >
9l g, o, i \_ =
s :
Ji! ! =
Note: Anchor without attached slab 124" C-C- WM '
has same reinforcement and 2 clear J,.—....__‘ >—G - #7x 5" - 8" =
dimensions as anchor shown e
\—4- (TS o B i
L — —6 "o,
sl S
o —
N #
— — 1
- SR — —

Figure 22. Structural details of test anchors.
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Pe-; = 2% 0.0868 x 10 x 1,126 = 1,950 lb
Between points 7 and 8 the subgrade resistance is
P,_s= 1% 0.0868 x 10 % 1,294 =1,120 1b
Thus, the total restraining force at point 8 is
10,880 + 1,950 + 1,120 = 13,950 1b

Because subgrade friction would actually deflect curve 6-8 upward and thus induce
even greater subgrade friction, it is safe to assume the design using five anchor units
is sufficient. A more precise incremental analysis between point 6 and some point of
fixity beyond point 8 might even indicate that four anchor units would be sufficient. I
the pavement thickness beyond the anchor region had been 8 in. rather than 10 in., a
system of four anchor units would very likely have been sufficient.

FIELD EXPERIMENT

The four units shown in Figure 21 were built and tested during the summer and fall
of 1961, Trenches and cylindrical holes dug with hand tools served as forms for the
concrete. The two slabs were cast monolithically with their anchors. Structural de-
tails of the units are shown in Figure 22.

Known horizontal forces were applied as shown in Figure 21. Horizontal and vertical
anchor movement, anchor rotation, and slab vertical deflection were measured.

Soil Properties

Subgrade soil at the test site was a brownish red clay having a fairly uniform ap-
pearance. Nine samples indicated liquid limits from 37 to 48 with a mean of 42,
plasticity indexes from 16 to 25 with a mean of 21, and water contents from 17 to 33
with a mean of 28 (all in percent). One gradation analysis indicated 80 percent passing
the No. 200 sieve.

The results of triaxial tests on samples taken from each anchor site are given in
Table 1. Samples were taken with a 9-in. diameter split-spoon gsampler. There is
some uncertainty about the results for ¢ and ¢ because they are based on tests run
on but three or four different samples from each anchor site, each tested at a different
chamber pressure.

A plate-bearing test was made at the site of each of the slabs. For these tests, an
18-in. diameter plate was loaded in 2, 000-1b increments until a settlement of over 0.8
in. developed. The load-settlement curves are shown in Figure 23. The subgrade
modulus Kq corresponding to the straight line 04 in Figure 23 is about 74 pci.

Loading System

The applied force was developed by a screw jack (Fig. 24) extending to develop a
tensile load in a steel frame tied to two adjacent anchors. In Figure 25 load is being
applied to the rectangular anchor in the foreground and to the rectangular anchor and

TABLE 1
TRIAXIAL TEST RESULTS

Anchor No. Cohesion, ¢ A_ng%e of Unconfj.ngd
Site of (psi) Friction, ¢ Compressive
Samples © Strength (psi)
Rectangular:
With slab 4 ] 44 41
Without slab 3 9 16 23

Cylindrical:
Without slab 4 5) 36 24
With slab 3 11 37 45
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25

Vertical Load, Kips

Settlement (in.)

Figure 23. Load settlement curve for 18-in. circular plate bearing test.

Figure 2L. Screw Jack for loading system.
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Figure 25. Load being applied to rectangular anchors.

Figure 26. Load cells, wiring, and strain indicator.

slab in the background (the open crack in the soil behind the anchor is noteworthy).

The tensile load in the steel frame was measured by two precalibrated load cells., The
load cells were pin-connected flat bars with electrical resistance wire strain gages
attached. The cells can be seen attached to the slab and long steel tensile members to
the left in Figure 26.

Loads were generally applied
required for a load cycle ranged from 50 to 140 min. Pe

more than a few minutes at the most.

in increments of 2,000 to 4,000 lb. The total time
ak loads were never held for

Deflection and Rotation Measurements

in Figure 27 to measure deflection and ro-

Dial micrometers were used as shown
hed at right angles to the stem of each

tation of the anchor units. A foot was attac
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.

Smooth rod —

/— Rigid extension above anchor

Foot attached to dial stem

/— Anchor

Figure 27. Schematic arrangement of dial micrometers above anchor,

Figure 28. Micrometers in position for measuring horizontal translation and rotation.
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micrometer used. This foot remained in contact with a smooth horizontal cylindrical
rod attached to a rigid extension to the anchor. Thus, only the horizontal or vertical
component of translation of the cylindrical rod was indicated on the dial. By measuring
the horizontal movement of two points, and the vertical movement of one of the points,
the translation and rotation of the top of the anchor were determined. Two micrometers
for measuring horizontal translation and rotation are shown in Figure 28. The vertical
micrometer is hidden behind the rigid extension to the anchor.

The micrometers used to measure vertical slab deflection are shown in Figure 29.
They also had feet attached at right angles to the stem. The dials indicated only the
vertical component of translation of cylindrical rods attached to the slab.

Experimental Results

Figure 30 shows plots of the horizontal deflection of the top of the various test units
vs the applied horizontal force. The figure shows the results for all load cycles of the
units without slabs but only for one cycle each for the units with slabs.

Figure 29. Micrometers in place for measuring vertical slab deflection.

l Rectangula} {with slsb) Jth cycle

s

40

16,2 kdp .

Pulling force, kips
o
3

|~ Rectangujar

—
/ Cylindricl 11.2 ki max.

A=A

6 .1 .2 A - ] 1.0 L3 [K] L8 1.8

Figure 30, Load vs horizontal deflection at top of anchors.
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The dashed curve in Figure 30 represents the assumed initial cycle of the cylindrical
unit without slab. For that cycle, a usable load record was not obtained because of an
unknown electrical resistance in the strain gage circuit. The deflections for that cycle
were measured and the loads and deflections for the two subsequent cycles were de-
termined as plotted,

The figure also suggests that there is a great difference in strength of an anchor with
slab as compared to an anchor without attached slab, but the curves might be misleading
without further explanation. The total horizontal force applied at the slab end is the
quantity plotted in the figure. This total force no doubt included a slab subgrade friction
component which unfortunately was not evaluated. Subgrade friction could conceivably
account for perhaps 50 percent of the force applied to the slabs, .

The resistance of the slab to rotation of the slab-anchor joint acecounts for a large
part of the strength of a slab-anchor combination. An infinitely stiff anchor in an elas-
tic subgrade, if permitted no joint rotation, would be four times as strong as a similar
anchor with free joint rotation. Less stiff anchors under similar conditions have a com-
parable strength ratio of less than four with the strength ratio decreasing as stiffness
decreases. Eq. 31 is a statement of this phenomenon.

Other factors contributing to the great strength of the anchors tested with attached
slabs might be (a) the confinement by the slab of the soil in front of the anchor, and (b)
the decreased vertical movement of the anchor due to slab weight and stiffness,

Figure 31 shows load-deflection curves for all recorded load cycles on the two anchor
units with attached slabs. The tollowing characteristics of these curves stand out:

1. The general slopes appear to remain almost constant for subsequent load cycles.

2. On removal of load, the anchors returned almost to their initial position, Back-
lash in the dial micrometers could explain part of the apparent residual deflection.

3. The curves could be roughly approximated by a straight line.

4. The rectangular anchor developed about twice the resistance of the cylindrical
anchor for the same amount of movement.

Figure 31 also suggests a great detraction of the experimental study. Cycle four of
the cylindrical anchor and cycle two of the rectangular anchor suggest the initiation of

30,000 ——

1, myi
=S uiriniriy 1
T

10, 600 — 3

L L] * o L) L L L]

R EAE=S
« L

Hovi :onial Deftection

Puiling Force, ios.
-
=
-

Figure 31. Load vs horizontal deflection at top of anchor with slabs,
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Figure 32. Some of the more characteristic load-rotation curves for anchors with slabs.

some form of plastic yielding. But due to limitations of the loading system, applied
horizontal loads did not exceed about 37,000 1b. In this connection it is of interest to
compare the peak load of 472 1b per in, applied to the rectangular anchor and slab with
that anchor's theoretical limiting load as predicted by Eq. 44. Assuming a cohesion of
9 psi and an internal friction angle of 44° a5 determined by soil tests (Table 1), and
assuming an effective soil unit weight of 120 pef, an L'/H ratio of about 4.5 is obtained
from Figure 13, Substituting into Eq. 44 gives

Pg' = L' (c+YH tan ¢) = 4.5 % 30 (9 + 0.0695 X
30 x 0.965) = 1,490 1b/in. width.

Thus, the maximum load applied during the test was 2 little less than one-third the
limiting plastic resistance predicted by Eq. 44, or a little less than two-thirds the
limiting values Pg'/2 recommended for design use.
Figure 32 shows some of the more char-
acteristic curves of load vs joint rotation
for the anchor units with attached slabs. | 15! - 0 B
The rotation values were obtained by ™ 20 a0 1 | 16" | |
dividing the difference in two horizontal
dial micrometer readings by the vertical a C; ( G) CE
distance between micrometers (Fig. 27). i ]
The two dial readings correspondmg to TR AN T
the maximum rotation shown in Figure 32 IR
(6th cycle, cylindrical) were 75 and 83.
The fact that rotations were determined
from two readings that were fairly close
together, and that either reading might be
in error in either direction, would seem
to explain the erratic nature of the curves. fpigure 33. Vertical dial micrometer loca-
Figure 33 shows the location of the dials tions.
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used to measure vertical slab deflection. Some representative deflected shapes are
shown in Figure 34. The rotation of the top of the anchor is indicated by the downwardly
extending element (the upward deflection of the anchor at the joint is noteworthy, as
well as the fact that the slab just behind the anchor remained almost at right angles

with the anchor, whereas there was significant bending of the slab in front of the an-
chor).

The curves in Figure 31 show that the rectangular anchor developed about twice the
resistance of the cylindrical anchor for the same amount of slab movement. The total
volume of the rectangular anchor was about 2. 4 times that of the cylindrical anchor,
but the cylindrical anchor contained about three times as much steel as the rectangular
one. The projected area of the rectangular anchor available to induce subgrade resis-
tance was two times the corresponding projected area of the cylindrical anchor. Thus,
a comparison of resistance developed with material quantity for this particular experi-
ment does not indicate one anchor configuration to be particularly superior to the other.

An earlier discussion of longitudinal movement indicated the advantage of developing
anchor resistance as near the slab end as possible. Thus, the rectangular anchor
might appear to be the better of the two tested in this experiment,

e -
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15" F 0" Slab Lenjsth
—~ —
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- s i
- "“- ’
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e Ll hi T
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Figure 34. Representative deflected shapes of slabs,
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But a general conclusion as to the better configuration, cylindrical or rectangular,
cannot be made on the basis of this experiment alone. For example, the results do not
indicate whether two or three cylinders of the same dimensions as the one used would be
less resistant than a rectangular anchor 60 in. deep.

Significance of Results

Two items of the results are of particular significance relative to the analysis and
design of an anchor system. First, the great difference in strength of the anchor units
tested (Fig. 30) demonstrates the advantage of providing a rigid joint between anchor
and slab. Second, the approximate linearity of the load-deflection curves (Fig. 31)
would seem to justify an elastic analysis for the lower load range of anchor response.

APPLICATION TO JOINTED PAVEMENT

When the slabs of a jointed concrete pavement contract, loose soil or other foreign
matter may be deposited in the open joints. When the slabs later expand, the deposited
solid material may partially prevent the normal closing of the joint, Each cycle of
contraction and expansion may result in a greater separation between slabs and a net
increase in pavement length. This phenomenon is in contrast to that occurring in a
continuously-reinforced concrete pavement whose random cracks are so narrow that
very little intrusion of foreign matter takes place.

Shelby and Ledbetter (4) have reported early indications of satisfactory results
using only two rectangular anchor units to restrain the ends of jointed pavements. They
reason that by preventing the progressive opening of contraction cracks, from the be-
ginning of pavement life, the growth forces are kept much lower than they would be if
anchors were not provided.

Some parts of the theoretical analysis previously developed for continuously-rein-
forced pavement can be applied directly to jointed pavement. The conclusion that sub-
grade anchor units are most efficient if bunched near the pavement end would apply
equally to jointed pavement. The plastic analysis for optimum anchor spacing, Egs. 45
and 46, would be applicable. The shear and moment analysis might be of some assis-
tance in design.

Application of the elastic anchor resistance analysis would require that longitudinal
slab movement at the anchor be calculated or assumed. To adapt the longitudinal
slab movement analysis to the jointed pavement problem, it would be necessary to
assume the change in width of each joint as well as the pavement end movement, Short
of that, it is recommended that jointed pavements be provided with, at most, only a
very few anchor units at each end, and that subseqguent design be adjusted as indicated
by careful observation of field performance.

It is recommended that the anchor units be spaced as indicated by the plastic analysis
(Eqs. 45 and 46) and that the entire group be connected by one continuous slab.

CONCLUDING REMARKS

The analysis methods just presented are believed to be suitable for design use in
their present form, but they have thus far been correlated with field observations to
but a very limited degree. More extensive field observations may indicate a need for
modification of the analysis.

Some very useful field observations have been reported in the literature (for ex-
ample, 4, 9) but further field data are needed, particularly on the performance of
subgrade anchor units, It would be desirable to correlate such data with a theoretical
analysis such as developed in this paper. For such a correlation, it would be necessary
to determine soil and concrete properties, dimengions, temperatures, and absolute
longitudinal movements at the slab end, at each anchor unit, and at other points on the
pavement slab. It would be desirable to measure any significant vertical slab deflection
and carefully to examine for slab cracks in the vicinity of anchor units. For such a
study, more meaningful information would probably be obtained from an anchor system
that permitted appreciable end movement.
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