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Type C Final Report 

by 

S. K. Takahashi 

OBJECT OF TASK 

To determine how flexural members should be designed, how to gain the 
greatest resistance to blast loading, where they should be used, rvid the best way 
to destroy structures composed of such members. 

ABSTRACT 

Nine simply supported pretensioned beams were tested in the blast simulator 
either statically or dynamically. In the dynamic tests the beams were subjected to 
long- and short-duration loading. As expected, the load capacity of the beams 
subjected to short-duration loads was greater than that of those subjected to long- 
duration loads. The deflection-time traces showed that no tensile stresses occurred 
in the top fiber for any of the loads applied and that a permanent deformation can 
be considered negligible for loads less than 85 percent of the ultimate load. 

A method of predicting the static ultimate deflection is presented and applied 
to one of the beams. The experimental dota is compared with the theory. All of 
the statically tested beams failed in bond near the supports. In the dynamic tests, 
two beams failed by concrete compression at mid-span, and the res* failed in bond. 
A solution for dynamic response, which includes damping, is shown and applied to 
one of the tests. 

Qualified r«qu»st«rs may obtain capias of this report from ASTIA. 

This research supported by the Defense Atomic Support Agency. 
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INTRODUCTION 

In this test series, nine beams were tested to obtain information on the 

resistance-time relation, recoverability, bond- and shear-resistance, and other 

response characteristics of pretensioned beams. The tests were conducted at the 

U. S. Naval Civil Engineering Laboratory, Port Hueneme, California, and were 

sponsored by the Defense Atomic Support Agency. 

The use of prestressed concrete to resist blast loads has received little 

consideration in the past oecause of the small negative moment resistance of such 

members. Upward loading might occur when the members rebounded after being 

subjected to positive or downward loads of short duration. This report is concerned 
with the validity of this concept. 

The investigation is justified by advantages which could be achieved through 

the use of prestressed concrete in blast-resistont structures; viz., (1) prestressed 

beams retain little or no permanent deflection even for loads very near their ultimate; 

(2) savings in steel, concrete, and floor-to-ceiling clearance can be achieved by 

using prestressed beams in place of reinforced concrete beams. These chaiacteristics 

offer marked advantages when the prooerties of prestressed members can be utilized. 

Many static tests have been conducted on pretensioned concrete beams, 

but information is lacking on the behavior of pretensioned beams under blast loading. 

A series of dynamic tests on post-tensioned concrete beams^ has shown that sizeable 

negative (upward) deflections occurred under short-duration loading in beams with 

a prestressed distribution of 2,000 psi on the bottom and 0 psi on the top. The beams 

exhibited a high capacity for recovery; thus, essentially all of the energy-absorbing 

ability of the members was utilized without incurring serious permanent damage. 

The approach used in the investigation of the pretensioned members reported 

here was to explore the general characteristics of behavior. The limited number 

of members did not permit a detailed investigation of the influence of any one 

parameter. In the paragraphs which follow, the experimental work is described, 

the test results and theory are discussed, and the implica ions of the results are set 

down. An application of statu theory for determining the load-deflection relation 

of a pretensioned beam throughout the entire range of loading is given in Appendix A. 

An example of dynamic analysis is shown in Appendix B. 



EXPERIMENTAL WORK 

Description and Construction of Test Members 

Nine simply supported pretensioned concrete beams, 8 inches wide by 12 inches 
deep by 13 feet long, were tested, some statically and some dynamically. The clear 
span length was 12 feet 4 inciies. 

The beams contained fourteen, l/4-inch-diameter, plain prestressing wires, 
two it. the top and twelve in the bottom. Two No. 4 deformed reinforcing bars were 
also included in the upper portion of the beam. The properties of the prestressing 
steei and the deformed reinforcing steel are given in Table I. The stress-strain curve 
for the prestressing steel is given in Figure 1. 

Table I. Mechanical Properties of Prestress Steel and Reinforcing Steel 

Prestressing Steel (1/4-inch-dia. ) Stress (psi) 

Proportional limit, f 152,000 
Yield strength (0.2% offset), fyp 217,800 
Tensile strength, fy 242,200 

Elastic modulus of elasticity, E5S 28.8 x 10^ 
Plastic modulus, Ejs 2.55 x 10^ 

Rate of loading = 30, 000 psi per minute 

Reinforcing Steel (1/2-inch-dia. ) Stress (psi) 

Yield strength, fy 50,000 
Tensile strength, f0 78,100 

Elastic modulus of elasticity, Es 28.4 x 10^ 
Plastic modulus, E' 0 

s 

Rate of loading = 30,000 psi per minute 

2 
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Figure 1. Average stress-strain curve for prestressing steel. 

3 



Three doys prior to casting the beams, the high-tensile-sfrength wires were 
stressed with hydraulic jocks on o prestressing bed os shown in Figures 2 ond 3.
Three forms were pieced in series with the steel wires passing through them so that 
only one prestressing operotlon was necessory for each three beams. The initial 
prestressing force, before releasing the jocks, varied fron-, 99,400 to 100,200 pounds 
for the three separate castings. The load was determined with two 100, 000-pound- 
capacity load cells wired to o Type M strain Indicator (Figure 4) ond wos measured 
ot each stage of the prestressing and costing operations.

The concrete for casting the k>eoms wos mixed in a 16-cubic-foot rototing 
drum mixer. The mixing time varied between two ond four minutes. Internal and 
externol vibration was used after plocing the concrete in the forms. After seven 
days, the forms were removed.

Six standard test cylinders were cast for each beam. Three of the test cylinders 
from eoch beom were fog-cured, and they were tested after seven buys. The other 
three cylinders were cured in the field with the beoms ond were tested wi»h »he beams. 
Three houra ofter costing, the exposed surfaces of the beams and test cylinders were 
painted with o clear curing compound.

. St'S'*!

Figure 2. Close-up of jocking device.
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A sieve analysis of the gravel and sand used is given in Table II. High-early 
strength concrete was used which provided concrete with a compressive strength of 
approximately 5,000 psi in seven days. When the beams were tested, the ultimate 
compressive strength of the concrete varied from 6,410 to 8,370 psi (Table III). 

Table II. Sieve Analysis of Gravel and Sand 

Percent retained on each sieve, cumulative (average of two trials) 

Sieve 

3/8-inch 
No. 4 
No. 8 

Gravel No. 16 
No. 30 
No. 50 
No. 100 

Fineness modulus = 

Percent 

0.2 
75.0 
95.0 
97.9 

100.0 
100.0 
100.0 

568.1 + 100 = 5.68 

Sand 

No. 4 

No. 8 

No. 16 

No. 30 

No. 50 

No. 100 

1.0 
11.0 
27.5 

52.2 

79.6 

96.6 

Fineness modulus = 267.9 + 100 = 2.68 

Loading Apparatus and Instrumentation 

All of the nine pretensioned beams were tested either statically or dynamically 

in the blast simulator (Figure 5). 

The uniformly distributed load consists of gas pressure acting along the top surface 

of the beam. Leakage is prevented by a neoprene seal (Figure 6). Static loads are 

applied by pumping air into the simulator from a compressor. Dynamic loads are pro¬ 

duced by detonating high explosives within the firing tube in the simulator.^ A blast 

loading is produced which has a rise time of approximately 1 millisecond followed 

by an exponential decay of controlled duration. In past experiments the blast simu¬ 

lator has proved to be very effective in producing this type of loading. 3.- 5,6 

7 



Table III. Average Properties of Concrete* 
(6-inch by 12-inch cylinders) 

Beam 
No. 

Age 
(days) 

Dit. Compr. 
Strength 

(psi) 

Static Dynamic 
E + 

(psi) 

Poisson's 
Ratio 

Irans. ET 

(psi) 

Long. E+ 

(psi) 

Poisson's 
Ratio 

A 
8 

60 
4,780 
6, 480 

3.53 0. 149 4.50 4.70 0.248 

B 
8 

64 
5,420 
7,290 

3.71 

- 

0.222 4. 10 4.33 0.227 

C 
8 

93 
4,690 
7,070 

3.64 0.181 5.07 5. 16 0.248 

D 
7 

59 
5, 200 
6,880 

3.64 0.148 5.17 5.42 0.218 

E 
7 

55 
5, 140 
6,690 

3.46 0.178 4.26 4.59 0.290 

F 
7 

68 
5,210 
6,410 

3.66 0.180 5.47 5.55 0.212 

G 
7 

62 
5,760 
8,370 

4.06 0.190 5.77 5.98 0.222 

H 
7 

48 
5,950 
8, 300 

3.90 0.136 4.43 4.53 0.213 

K 
7 

j 68 
5,220 
8,040 

3.80 0.176 4.43 4.55 0.937 

* Tests made in accordance with: 

1. ASTM Designation C39-49, Test for compressive strength of molded concrete 

cylinders 
2. ASTM Designation C215-60, Test for fundamental transverse, longitudinal, 

and torsional frequencies of concre te specimens 

t E is in millions (10”^). 
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Instrumer.tation of the test specimens consisted of strain gages, pressure cells, 
deflection gages, and an accelerometer located as shown in Figure 7. Strain 
gages 1, 2, and 3 were mounted on the prestressing wires, and 4 and 5 were mounted 
on the compression mild steel. The traces from these transducers were recorded by 
an oscillograph through sui'able amplifiers. Deflection-time traces were obtained 
from two indîpendent measuring devices: 6-inch linear potentiometer and a rotating- 
drum deflection gage. The latter gage is a revolving drum on which graph paper is 
mounted to record the deflection. As the beam deflects, a pencil attached to the 
mid-span of the beam inscribes a deflection-time trace on the graph poper. The drum 
revolves at a constant rate so that 1 inch is equivalent to 100 milliseconds. 

THEORY 

The basic principles of pretensioned concrete beams may be briefly stated as: 

1. Tensioning the prestressing wires to the desired value befo.e casting the 

concrete; 

2. Transferring the load from the wires to the concrete, which applies an 

allowable compressive stress below the neutral axis of the beam; and 

3. Loading the beam with the design or working load which decreases the 

compression in the lower fiber without introducing tensile stresses. 

Stresses involved in a pretensioned concrete beam may be generalized into 

three basic groups: 

1. Stresses due to initial prestressing force and to dead load; 

2. Stresses due to the changing properties of concrete, such as elastic 

shortening, creep and shrinkage; and 

3. Stresses due to live loads on the beam. 

11 
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Static Load-Deflection Curve 

To simplify the calculation of the static locd-defloction curve, the usual 
concrete design? assumptions were made: 

1. M plane section before bending remains plane for all loadings. 

2. Concrete tensile strength is negligible. 

3. The stress-strain relationship for concrete in compression is given by the 
idealized curve. 

4. Ultimate load and deflection are reached when the outer fibers of concrete 
in compression reach an ultimate strain. 

5. The concrete and mild steel strains are constant throughout the portion of 
the beam in which yield has occurred. 

With these assumptions, the concrete stresses after the prestressed loads are transferred 
to the beam were taken as: (a) compressive stresses in the top fiber, ft = 0, and 
(b) compressive stresses in the bottom fiber, fcB¡ = 2,000 psi. (Nomenclature is 
listed at the end of this report.) When the beam is loaded on the top surface, com¬ 
pressive stresses are introduced above the neutral axis and compressive stresses are 
reduced below the neutral axis. Figures 8A and 8B are diagrams for the pre-loading 
and the loaded stages (shown in two parts). The stress-strain diagrams for the prestress 
steel below the neutrai axis are shown in Figure 9. Point u in diagrams B and C 
represents the level of stress just prior to testing time; point v indicates the stress 
value in a loaded condition. The derivations of the stress value fy at point v follow: 

Prestress Steel (tension side) 

a. Elastic range (Figure 9B) 

When the beam is loaded statically, the compressive strain in tl e 
extreme concrete fiber increases by The strain in the tensile steel is then 
obtained from diagram A a* [(c(d - c)J/a. By multiplying this strain by Esl, the 
incremeniai stress increase is obtained. This value is added to the prestress value 
prior to testing time, fs$¡, which yields point v. Thus the total strain in the steel 
iifv = f„i + !>c(d-°)Ess]/a. 

13 
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A. Mid-span cross section of beam 

Strain, € ' ^ 

C. Plastic range 

Figure 9. Stress-strain diagrams for prestress steel (tension side). 
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b. Plastic range (Figure 9Q 

When the beam is loaded into the plastic range, the modulus of 
elasticity reduces to EjS as indicated. The increase in steel strain i* again obtained 
from diagram A as fc(d - a)'/a. From diagram C, the stress increment 

The stress from n to v is fnv = [cc(d - a)Ejs]/a. Subtracting 

= fmn + ' we have sp 
(fs.i/Es,) x Ess- 

= fyp EU from fmv nv ‘ 

f = (c - t )V 
pv mv yp ss 

J . e (d - a) 
SSI c 

LE a 
ss 

f JE‘ ypJ s* 

Adding fpy to the yield-point stress gives 

f ¡F’ 
ypJ ss 

f = f 
v yp 

-f . € (d - a) 

ss 

Prestress Steel (compression side) 

By a similar procedure, the stress at uny time in the elastic range is 

f = f . - f = f , 
V SSI UV SSI 

f 
c 

(a - d')E 
s ss 

a 

and for the plastic range 

f 
v 

-f + f 
yp sv 

-f 
yp 

+ + 

P , 
SSI 

E 
ss 

+ I 
ss 
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Compression Steel 

The stress in tha steel for loading in the elastic ronge is 

f (a -d')E 
f = -f . —-* 
vs a 

In the plastic range the mild steel is assumed to have a constant stress after 
yielding. Therefore fy = -f . 

The equations of tensile and compression forces in the steel are ootained by 
multiplying the stress by the appropriate areas and are summarized below: 

Prestress Steel (rension side) 

T = A f . + c ) E 
ss L ssi c'a ’ ssJ 

(T * A f ) (1) 
ss yp 

T = A 'f + 
SS Lyp 

f . 
SSI 

ss 
+ f ) - € JE'} 

c'a ' yp-i ssJ 
(T ^ A f ) (2) 

ss yp' 

Prestress Steel (compression side) 

C = A1 i f . - f (-E 
s ss I- ssi c'a ' ss-l 

(C S a* f ) (3) 
s « yp 

rP . a - d*. 
C = A’ {-f + ly51 + f - r (--) IE1 } 

s ss yp LEjs yp c'a ' J ssJ 
(C » A* f ) (4) 

s *s yp 
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Mild Steel (compression side) 

c 
s 

A' -( 
si- c 

E 
s 

C = -A'f 
s s y 

Concrete (compression side) 

Cc = -mbo (Reference 7) 

m = 
3f 

[c (2f” + P) - f ( ] 
c C C CO 

1 
2( 

pP* (3c + c ) 
fe e O 
L 3 

f (c - c 
c c o 

(C s A' f ) 
s s y 

(C 2 A' f ) 
s s y 

(C * 0.85 f") 
c c 

(0 ^ c s ( ) 
c o 

(c s f S e ) 
o c u 

p' 
c 

k.f 
3 c 

3,900 + 0.35P 
= 

3,000 + 0.82 P 
26,000 

2 P' 
c 

c 

E = 1,800,000 + 460 P 
c c 

c 
u 

0.004 
P 
c 

6.5 X 106 

(5) 

(6) 

(7) 

(8) 

(9) 
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To find the neutral axis at any time, all the forces are added and set equal to 
zero: 

T + C + C + C^0 
s s (10) 

The equation above will be in the form of a quadratic equaticn in terms of "a.11 

If ar.y steel has gone beyond the yield point or f is greater than € , new 
expression*, for the forces and a revised "a" will have to be obtained. Ai?additional 
check of forces will then be required. The resisting moment at mid-span can then 
be found by taking moments about the tension side prestress steel: 

M = C(d - k a) + C (d - d') + C (d - i‘) (11) 
¿i ss ' 

t 

Next, the applied load is found from the equation: 

w (12) 

If the beam has not yielded, the deflection at mid-span can be found by the 

moment-area, conjugate beam, or other methods. After the beam yields, the unit 

rotation diagram method is adopted.7 Figure 10 shows the loaded beam, the moment 

diagram, and the unit rotation diagram at ultimate load. The width of the plastic 
hinge is calculated from the formula 

(13) 

end the maximum ordinate of the unit rotation diagram is (cc + €s)/d. From 

Figure 10, the mid-span deflection of the beam by moment-area is 

y ÏT * A| (j) Q - a) (14) 

19 



w 

Figure 10. Unit rotation diagram for uniformly loaded 
beam at ultimate load. 

An example for calculating the theoretical static load deflection curve up to 
the ultimate load is given in Appendix A. 

Dynamic Deflection-Time Curve 

There are several ways to solve the equation of motion of a simply supported 
beam subjected to a blast load in the elastic range: Laplace transform, phase-plane, 
numerical, etc. In this paper, the differential equation of motion of a simply 
supported beam is first converted to a single-degree-of-freedom system and solved 
by the Laplace transform method. 

Consider a triangular load function imposed on a simply supported beam. 
If a conversion is made into an idealized single-degree-of-freedom system, then 
by energy consideration, the mass, m, of the beam is multiplied by a constant 
0.78 (Reference 8) and is represented by m,,. The mid-span deflection, the 

20 



stiffness of the beam, and the loading function wil1 not be altered by this transformation. 
Including viscous damping, c, the differential equation of motion of the spring-mass 
system may be written as 

m y + cy + ky = P 
e ' a 

(15) 

where k stiffness of beam 

= peak dynamic load 

t = time 

t = effective load duration 
e 

At time-equal-to-zero, the deflection and velocity of the beam at mid-span are 
zero. Using these initial conditions, the general solution is 

As an example, the above equation is used to calculate the theoretical 

deflection-time curve for Beam A, test 2, which was loaded in the elastic range 

(see Appendix B). 

TEST RESULTS AND DISCUSSION 

Change in Prestress 

Prestress loss in the pretensioned beam occurs from the time the high-strength 

steel is tensioned after the concrete is poured and to the time the st'uctural member 

is loaded. Initially a portion of the loss may occur from the elastic movement of 

the supports that anchor the steel after the jacks are released and from the creep 

21 



in steel in the tensioned condition. At a later stage, when the concrete is poured 
and begins to harden, shrinkage of the concrete further releases thu strain in the 
steel. And finally, when the tendons are cut and the load is transferred, elastic 
shortening of the concrete takes place, which further releases the stress in the wires. 
Concrete creep and shrinkage losses continue still further until the beams are tested. 

Stresses and strains in the prestressing steel and mild steel from the "initial 
prestressing" phase to the "before testing" phase are given in Tables IV and V 
respectively. Table VI gives the accumulated prestress losses. After the load was 
transferred from the prestressing bed to the beams, the pretensioning was maintained 
by bond between the concrete and the steel; the ends of the wires were not anchored 
to the ends of the teams. Total loss in strain of the p;estressing steel varied between 
20 to 30 percent. 

Static Tests 

Three simply supported beams (B, H, and K) were tested to foilu'3. In all 
three cases, bond failure occurred near the ends of the beams as shown in Appendix C, 
Figuies C-2, C-8, und C-9. A sample calculation verifying the mode of failure of 
Beam B is shown in Appendix D. Of the three beams, Beam H ¡ustained the highest 
load of approximately 260 lb/linear inch. Bond slippage occuired at an earlier stage 
for Beams B and K. Figures E-l, E-2, and E-3 (in Appendix E) show the plot of the 
static resistance-deflection curve. Figures E-4, E-5, and E-Ó (also in Appendix E) 
show the plot of beam resistance against strain for strain gages 1 through 5. 

Vibration Tests 

The vibration tests were performed by wedging a short wooden column beneath 
the mid-span of the beam and suddenly knocking the column out with a sledge hammer. 
The subsequent vibration of the beam was recorded with the osci'lograph. The natural 
period averaged 33 milliseconds. 

9 The damping factor, Ç, is obtained from the equation. 

c = _6_ 

2 V 
(17) 

where the logarithmic decrement, 6, is defined as the natural logarithm of the ratio 
of any successive deflection amplitude of the deflection-time, the strain-rime, or 
other response curve. These deflection amplitudes were obtained from the oscillogram 
records of the vibration tests. 

22 
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Table V. Stress-Strain Values of Mild Steel Prior to Beam Loading 

Beam 
No. 

Strain 
Gage 
No. 

Zero 
Reading, 

Strain 
(yin./in. ) 

After Load 
Transfer, 

Strain 
Oiin./in. ) 

Difference 
From Zero, 

Strain 
(jiin./in.) 

Before 
Test, 
Strain 

(¿lin./in. ) 

Diffe rence 
From Zero, 

Strain 
(pin./in. ) 

Average 
Strain 

(pin./in. ) 

Stress in 
Steel 

(psi) 

A 

L 

4 
5 

12, 330 
10,010 

12, 070 
9,760 

260 
250 

12,230 
9, 920 

100 
90 460* 13,680 

B 
4 
5 

11,450 
10, 980 

11,310 
10, 790 

140 
190 

11,530 
10, 990 

-80 
-10 

460* 13, 680 

L 
4 
5 

11,730 
10, 170 

11,560 
9,960 

170 
210 

11,320 
9,670 

410 
500 460 13.470 

0 
4 
5 

11,080 
10,260 

10,810 
9, 950 

270 
310 

10, 560 
9,610 

520 
650 

580 17, 580 

E 
4 
5 

10,9(0 
11,703 

10,630 
11,420 

270 
280 

- 
456* 13, 680 

F 
4 
5 

10, 480 
10,540 

10,260 
10,290 

220 
250 

- - 
456* 13, 680 

G 
4 
c 

11,720 
10,310 

11,480 
10, 080 

240 
230 

11,240 
10,020 

480 
290 

380 11,700 

H 
4 
5 

11,310 
11,420 

11, 120 
11,200 

190 
220 

10, 900 
10, 940 

410 
480 

440 13, 350 

K 
4 
5 

10, 500 
'2,620 

10, 320 
12, 400 

180 
220 

10, 130 
12, 180 

370 
440 

400 12,240 

* Use 456 for beams with no value or with erratic strain measurements. 

24 



Table VI. Average Accumulated Prestress Losses 

Beams 

, ... i o , Before Betöre After Before 
Initial Release _ _ _ f , _ 

o . , . Casting Transfer Transfer Test 

T r r > 2-5 do« 7 do« 7 do« 64 do« 
M M <k.¡) (kS¡) (k,¡) (ksi)' 

A, B, C 

D, E, F 

G, H, K 

144.5 3.3 6.2 11.2 22.3 39.8 

145.8 2.0 3.8 7.5 28.3 42.2 

144.8 2.0 3.0 6.6 22.9 38.4 

From Beans B and K, the damping factor was 1.61 and 1.34 percent of critical 
damping, respectively. In comparison, the damping factor of similar post-tensioned 
beams'-' wo» 1.59 percent. 

Bl 3st Tests 

The six remaining beams were tested dynamically under long- and short-duration 
loads. Long duration is defined here as being any effective load duration that is 
greater then 8 times the natural period of the beam. The effective duration is obtained 
by passing a straight line through the peak pressure and the pressure of time t corre¬ 
sponding to the maximum deflection of the member. The experimental natural period 
was approximately 33 milliseconds per cycle. In the tests, the ratio of effective 
duration to the nctural period of the member was 3 for the short-duration loading and 
18 for the long-duration loading. A typical plot of load versus time is shown in 
Figure 11. The effective load-time curves are shown in dashed lines. The majority 
of the beams were loaded more than once to determine a wider range of dynamic 
response. Views of the dynamically tested beams after loading tests are shown in 
Appendix C. 

A summary of the dynamic test data is tabulated in Table VII. Beam G was the 
only one subjected to short-duration loadings. In these tests, the neoprene seal, 
usually placed on top of the beam to create an air-tight chamber, was left out so 
that pressure could leak out ot a ropid rate along the sides of the beam. The peak¬ 
load and maximum-deflection values from Table VII are plotted in Figure 12, and 
the static load-deflection curve of Beam H is plotted for comparison. From this 
figure, the dynamic load factor, which is the ratio of dynamic to static deflection 
of a member subjected to the same load, in the elastic range for the time ratio 
fe/Tn = '8/ •* approximately equal to 2. For the time ratio t0/Tn = 3, the dynamic 
load factor is slightly greater than 1. Typical oscillogram records are given in 
Figures 13 and 14. 
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Tim«, t —" » (mt«c) 

Figure 11. Typical lood-tim* curves for long- and short-duration loads. 
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Figure 12. Plot of peak dyr^-nic load vei*us initial maximum deflection 
for ihort- and long~duration loads. 
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The rotating drum traces aro shown in Figures F-l to F-5 in Appendix F; no 
tensile stress was introduced in the top fiber at any time for any dynamic load. This 
does not mean that negati.'e deflections would not occur if the load durations were 

extremely short. 

One of the desirable characteristics of a prestressed beam is the ability to 
recover to nearly its original position if the applied load is not too great. To show 
the behavior of these prestressed beams, a plot of permanent deflection versus peak 
load for both long- and short-duration loads is presented in Figure 15. The graph 
shows that permanent deflections can be assumed negligible to about 85 percent of 

the failure locd. 

Bond ond Shear 

Figures C-l to C-9 (Appendix C) show that all beams, except Beam G, had a 
major crack located between 20 to 25 inches from the ends. Calcvlatinns proved that 
for the static tests. Beam B failed in bond (Appendix D). For the dynamic tests, it 
is rather difficult to verify bond failure because of lack of information on dynamic 
reaction and increase in dynamic bond stress, etc. It can only be stated that the 
failure mechanism was similar to that of the static tests. 

Beam G, subjected to a short-duration load, was the only one with no crack 
near the ends of the beam. This beam failed by compression of the concrete after 

the prestress steel had yielded. 

Dynamic Resistance 

To obtain the dynamic lesistance, a single-degree-of-freedom system was used. 
Neglecting damping, the equivalent differential equation for a simply supported beam 

may be written as: 

R = P(t) - meÿ (18) 

where R 

P(t) 

m 
e 

Ÿ 

resistance value 

load 

0.78m = mass of the single-degree-of-freedom system 

acceleration in g's 
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Figure 15. Plot of peak dynamic load versus permanent deflection. 
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For this experiment, a 100g accelerometer was mounted at mid-span, and 
pressure cells were mounted about 2 inches above the top surface of the beam. With 
the load, deflection, and acceleration recorded on oscillograph, the dynamic 
resistance-deflection curves for Beams C and G were readily calculated. These 
results are shown in Figures 16 and 17; for comparison, the static resistance-deflection 
curve is plotted in dashed lines. In both cases the elastic slope for the dynamic 
resistance-deflection curve is seen io closely approximate the static resistance- 
deflection curve. This means that the static resistance value may be used in 
analytical computations instead of the dynamic resistance value if damping can be 
ignored. An example where this can be used is in calculating the dynamic shear, 
V, which is equal to 0.39 R + 0. 11 P (Reference 10). 

Exper iments showed that the maximum dynamic reaction occurs at approximately 
the same time as the initial maximum deflection. 8 From Figur® I—i (Appendix F), 
the maximum deflection and time to maximum deflection for Beam A in test 2 were 
0.30 inches and 20 milliseconds, respectively. Therefore from Figure 17, the static 
resistance is 19.50 kips. From Figure 13, which is an oscillogram for the same test, 
the average load at 20 milliseconds was calculated as 63 lb/linear inch or 9.83 kips. 
With this data, the dynamic reaction is calculated as 

V = 0.39(19.50) + 0.11 (9.83) - 8.68 kips 

The increase in reaction over the static reaction is 100(8.68 - 4.92) + 4.92 = 77 percent. 

Response 

From available response charts and methods, the maximum mid-span deflection 
was predicted for each peak load measured, and the results were compared with the 
experimental maximum deflection. Table VIII shows results obtained by using three 
different procedures to obtain maximum deflections for both long- and short-duration 
loads. 

In the first method, response charts which account for plastic range slope were 
used. ^ These charts can be employed only when the beams are loaded into the plastic 
.•ange and for long-duration loading. Since was rafter large, the values were 
obtained by extending the curves of the lower k2/kj values. Viscous damping of 
2 percent was used. 
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Figure 16. Resistance-deflection curve for Beam C 
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Figure 17. Resistance-deflection curve for Seam G. 
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As a second procedure, the Corps of Engineers Manual EM 1110-345-415 was 
used. 12 The charts contained in this manual are suitable for both long- and short- 
duration loads because they take time into consideration. Thest- charts are good for 
both fixed and simply supported beams. However, the charts do not cover resistance 
curves with plastic slopes other than zero. Hence, only the response from the elastic 
portion could be determined. The agreement (Table VIII) is very good when compared 
with experimental points. 

In the third approach the Equivalent-Area-Under-Static-Curve Method^ was 
used. The limitation of this method is that only long-duration response can be 
predicted and that the static resistance-deflection curve is identical to the dynamic 
resistance-deflection curve. This method consists mainly of picking a point on a 
static load-deflection curve, finding the area under the curve up to this point, and 
dividing this area by the deflection at the same point. The resulting value is the 
long-duration load which will have to be applied to obtain the static deflection. 
When the computed points of the last column in Table VIII ere plotted, the resulting 
curve coincides almost precisely with the long-duration (t^^p = 18) dynamic load- 
deflection curve (Figuie 12) obtained from the experiment. Values for tests 5, 9, 
and 21 are not given because the static load-deflection curve extended only to a 
deflection of 1.5 inches. 

FINDINGS AND CONCLUSIONS 

This test program showed that pretensioned concrete beams have several 
advantages over ordinary reinforced concrete beams in blast-resistant construction: 
the recovery characteristics are excellent; negative deflection due to rebound is 
not a great factor except for very short-duration loads; and members are much 
smaller and lighter. 

The major findings and conclusions are as follows: 

1. In the elastic range, the initial maximum deflection for short- and long- 
duration loads can be predicted by using response charts based upon the 
single-degree-of-freedom system. 

2. In the plastic range, the initial maximum deflection for a long-duration 
load can also be predicted by response charts if the damping factor and the static 
load-deflection relation are known. 

3. For long-duration loads, the dynamic response factor in the elastic range 
is approximately 2. 
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4. Every beam, except for Beam G (which was subjected to a short-duration 
load), had a major crack located about 20 to 25 inches from the ends. Beams B, C, 
F, H, and K eventually failed by widening of the cracks since the 1/4-inch-diameter 
prestressing wires were not anchored at the ends. 

5. The total prestress loss up to testing time was about 40, 000 psi or 27.5 percent 
of the initial prestressing load. 

6. Permanent deflections are not produced by dynamic loads less than about 
85 percent of the failure load. 

7. There was no tensile stress introduced in the top fiber at any time for either 
long- or short-duration dynamic loadings. 

8. The ultimate static load and deflection can be predicted by using the 
moment-rotation diagram. 
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NOMENCLATURE 

A area 

A^ area of plastic portion of unit rotation diagram 

A2 area of elastic portion of M/El diagram 

A area of steel 
e 

A^ total area of high strength steel below the neutral axis 

A^ total area of compressive mild steel above the neutral axis 

A^ total area of high strength steel above the neutral axis 

a distance from the top of the beam to the neutral axis at mid-span 

b width of beam 

C total force in concrete above the neutral axis 
c 

C. initial total compressive force in mild steel 

total compressive force in mild steel 

C total force in prestress steel above the neutral axis 

C. initial total force in prestress steel above the neutral axis 

c distance from the neutral axis to the extreme fiber 

d distance from top of beam to c. g. of prestress steel 

d1 distance from top of beam to c.g. of compressive mild steel 

d^ distance from top of beam to c.g. of prestress steel above the neutral axis 

modulus of elasticity of concrete 

Young's modulus of elasticity of reinforcing mild steel 
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E 
ss 

E’ 
s 

E' 
ss 

f 

P 

f 
P 

f . 
SSI 

P . 
SSI 

f 
y 

f 
yp 

g 

h 

L 

M 

M 

Young's modulus of elasticity of prestress steel 

plastic modulus of mild steel 

plastic modulus of piestress steel 

fiber stress 

ultimate concrete compressive stress 

stress at proportional limit 

stress in prestress steel below neutral axis prior to test 

stress in prestress steel above neutral axis prior to test 

extreme fiber tensile cracking stress of concrete 

yield point stress of mild steel 

yield point stress of prestress steel 

acceleration due to gravity 

total depth of beam 

moment of inertia about the x-x axis 

stiffness of beam in the elastic range 

stiffness of beam in the plastic range 

distance from the compressive fiber to the location of the resultant 

concrete compressive force 

(3,900 + 0.35P)/[3,000 + 0.82Pc - (P^/26,000)] 

clear span length of beam 

moment 

cracking moment 
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M 
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m 
e 

o 

P 

P 
m 

P(0 

R 

S 

T 

T. 
i 

T 
n 

t 
e 

u 

V 

W 

w 
dl 

w 

dead load moment 

ultimate moment 

mass of pretensioned beam 

a factor whe.i multiplied by "ba" will give the total concrete compressive 

force if b is the width of the beam 

equivalent mass 

perimeter of a prestressed steel wire 

load 

peak dynamic load 

dynamic load varying with time 

dynamic resistance 

section modulus 

total duration of load 

total tensile force in the prestress steel below the neutral axis 

natural period of vibration 

effective duration of load 

bond strength 

dynamic shear 

total weight of beam 

dynamic load per unit length of beam 

weight of beam per unit length of beam 

yield load per unit length of beam 
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€ 
C 

Cl 

( 
O 

f 
P 

f 
s 

c1 . 
SSI 

c". 
SSI 

f 
U 

yp 

e 

static load per unit lençftfi oí beam 

ultimate load per unit tength of beam 

distance to center of gravity of parabolic area 

deflection 

acceleration of mid-span of buan 

initial maximum deflection 

yield deflection at mid-span 

static deflection 

plastic hinge coefficient 

concrete strain 

concrete strain in the lower fiber due to pretensioning and dead lead 

at time of test 

concrete strain in the top fiber due to pretensioning and dead load at 

time of test 

unit strain at maximum stress f'\ inch/inch 

strain at proportional limit 

prestress steel strain 

increase in prestress steel strain below the neutral axis 

increase in prestress steel strain above the neutral axis 

ultimate concrete strain 

yield strain 

unit rotation 
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Appendix A 

APPLICATION OF THEORY FOR STATIC LOADS 

In order to compare the theoretical computation with experimental values. 
Beam H was chosen because bond failure occurred at a higher load than Beams B 
and K. The properties of Beam H are: 

A = 0. 589 inch 
ss 

A' = 0. 098 inch2 
SS 

A' = 0.392 inch2 
s 

h = 10 inches 

b = 7. 75 inches 

L = 156 inches 

d = 7.55 inches 

d' 1.41 inches 

1.62 inches 

E = E = 28.8 X 10 ksi 
s ss 

E' = 2.55 X 103 ksi 
ss 

f . 
SSI 

yp 

P . = 103. 9 ksi 
SSI 

217.9 ksi 

f = 50.9 ksi 
y 

P = 8.30 ksi 
c 

E = 1.8 X 103 + 0.46P = 5.62 x 10" 
c c 

P = 13.35 k*; 
s 

x-x 

n = E/E 
s c 

689 inches (uncracked section) 

5. 12 

P 
0.004 -^- = 0.003 4— 

6.5 x 106 m’ 
w,. = 6.90 -r— 

dl in. 

, _ 3, 900 + 0. 35 (8, 300) 
3 = 0.952 

3,000 + 0.82 (8, 300) - 
8, 300 
26,000 

T = 0.952(8,300) = 7,890 psi 

ksi 
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0.85 P' = 6,710 

€ 

O 

2 (7. 890) 

5.62 X 103 
0.002805 ~ 

in. 

Cracking load is designated as thct load which causes the concrete at mid-span 
to crack initially due to bending forces. 

P 
t 

7.5 i 8, 300 = 683 psi 

The initial prestress compression values are 0 at top and 2,000 psi at bottom 
fibers of beam. 

Mcr = M¡ + f|S = (2'000 + 683)(138) = 370,200 in.-lb 

w s jffzojffli.. 6 90 s ,281 lb 
cr l2 dl u82 

M 
cr 370,200 uin. 

— = 4// — 

cr EcS (5.62 X 106) (138) 
in. 

E I = 3.87 X 109 lb-in.2 
c 

y . . . 0.207 lnch 
cr Ec1 384 (3.87 X 109) 
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Working load is designated as that load which causes the concrete at mid-span 
to have a compressive stress of zero at the lower fiber and 2, 000 psi at the upper fiber. 

M = 2,000(138) = 276,000 in.-lb 
w 

8(276,000) lb 
W = --- = 101 7- 

W 1482 

y = _5opim^) = 0> 163 inch 

384(3.87 X 10 ) 

For the post-cracking range, let = 0.001 which is less than 

-, =- (¾)2] — 

3(1,000) L^000^5-780 + 4<62) ‘ 4-62(2'805)j = 2- 

T = 0.585 103 .9 + (1 X IQ'3) (7--55 ~ °) (28.8 X 103)j 

C = 0.098 [103.9 - (1 X IQ"3) (° -J-4-) (28.8 X 103)J 

C = 0.392 [(-1 X 10~3) (-—J'6-) (28.8 X 103) - 13.35] 

C = 248(7.75)a 

48 ksi 
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Summation of these forces must add up to zero: 

T + C'+C + C= 0 
s s 

a is found to be equal to 3.85 inches. 

T = 

C = 

C = 

C = 

7, 740 kips, 

8! 38 kips, 

-11.76 kips, 

-74.00 kips, 

= 131.2 ksi < f 
A yp 

ss 

C 
-rf* = 85.5 ksi < f 
A' yp 

ss 

-77- = 30.0 ksi < f 
a y 

< < < 
C O 

The moment at mid-span can be found from Equation 11 On text): 

M = C(d - k.a) + C (d - d') + C (d - d’) 
n ' 2 ' s' s s 

From Reference 7 

c c co 
3 3c 

c 

k2 a = 1. 31 inches 
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is then found to be 479. 3 kip-inches. 

8M, 
w = = 157 i lb 

in. 

Increase in moment after cracking: 

M = 479.3 - M = 109. 1 kip-in. ; I = pc cr r / 

By moment-area method, 

4(78)(109.1) 
y = —-g- X -g-(78/ = 0. 

p (5.62 X 10 )(188.8) 

Total deflection, y^ = y^ + 0.26 = 0.47 inch. Letting € 

a = 3.06 in., = 7,230 psi 

T = 110.9 kips, = 188 ksi < 
ss 

C 
C = 7.12 kips, -jjr - 72.6 ksi 

ss 

C 
C = -15.68 kips, = 39.9 ksi 

Cc = -102.0 kips, 

= 707.1 kip-in. 

s 

c < c 
C 0 

188.8 in.4 

261 in. 

= 0.002 m. 

f 
yp 

< f 
yp 

< f 
V 
0 
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M = 707.1 - M = 336.9 kip-in., 1 = 134.8 in. 
pc cr 

w 232 Jk 
in. ' 

0.461 M 

pc 
-P- - 1. 127 in. 

Y2 = y ^ + 1.13- 1.34 in. 

By extending the curve in Figure A-l, the tensile prestress steel yields at 
= 0.0052 in./in. The values calculated at the strain are: 

a = 

T = 

2.99 in., 

126.2 kips, 

= 7, 800 psi 

= 215 ksi = f 
A„ ^ 

C = 6.41 kips, -T7— = 65.4 k*i < f 
A' yp 

ss 

C = 

C = 

■18.26 kips, 

■114.50 kips, 

-77- = 46.6 ksi < f 
A y 

C < f 
c 0 

M- = 807.6 kip-in 

M = 807.6 - M = 437.4 kip-in., 
pc cr 

- lb w - 265-^, 

I = 131.7 in. 

0.451 M 
---BS-* 1.50 in. 

'pc I 

y3= y cr 
+ 1.50 = 1.71 in. 

Initial yielding is taken at this load and deflection. 
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Figure A-l. Plot of concrete »train versus stresses in steel and location 
of the neutral axis. 
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Again by interpolation, the rrild steel is seen to yield ot 

€ = 0.0029 -r^- 
c m. 

Then m is found by using Equation 9 in the text. This time tf e T value is calculated 

from Equation 2 in the text. Since > ¢^, 

2 c 

kjQ = a , f" (3 c + € ) 

--T-9- + Me - < 2 € L 3 c c o -l 

a = 2. 91 in., 

T 128.9 kips, 

C = 5. 95 kips, 
s 

C = -19.78 kips, 
s 

C = -114.80 kips, 
c 

7,290 psi 

218.5 ksi 

60.7 ksi 

50.9 ksi = f 
y 

c 
o 

= 819.5 kip-in. 

M = 819.5 - M = 449.3 kip-in. 
pc cr 

w = 
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The ordinary methods cannot be used for computing the deflection for this load because 
the beam has yielded. Therefore the unit rotation diagram^ ¡$ used, with w0 = 265 Ib/in. 
The deflection is then calculated as 2.06 inches. Ai ihis load, the tensile prestress 
steel has yielded, and the compressive mild steel has just reached its yield point. 

When cc " 0.003 in./in., the concrete has reached its ultimate strain. In 
the range fc = 2,520 to 3,000 uin./in., Equation 6 is used to compute Cj. 

C = abP'(o. 925 - 0.258—) 
C C ' C ' 

U 

and f = 0.85 f" 
c c 

The values calculated are then 

a = 2.74 in., 

T = 130 kips, 

C = 6.06 kips, 

C = 

C = 

-19.95 kips, 

116 kips 

f = 6, 710 psi 

A 
= 221 ksi > f 

ss 

C 
_i_ 

A' 
ss 

yp 

= 61.9 ksi < f 
yp 

C 
s 

A' 
s 

-rf = 50.9 ksi = f 

= 841.9 kip-in. 

M = 841.9 - M = 471.7 kip-in., 
pc cr 

977 ,b w = 277 -— 
in. 

= 113.38 in. 

= 2.38 in. 
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Therefore, the beam fails by crushing of tf'e concrete — assuming no bond 
slippage. The theoretical values are summarized in Table IX. 

Table IX. Summary of Theoretical Values for Beam H 
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Mid-span Deflection, y ..♦» (in.) 

Figure A-2. Plot of theoretical itatic load-deflection curve for Beam H. 
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Appendix B 

DIFFERENTIAL EQUATION SOLUTION APPLIED TO DYNAMIC RESPONSE 

The response of a simply supported beam, such as shown in Figure B-1A, 
subjected to a triangular pulse load was shown previously as: 

The equivalent spring-mass system i' shown in Figure B-1B. In Figure B-2, the 

oscillogram record for dynamic test 2, Beam A, is reproduced. The pressure or load 

trace is idealized into a triangular pulse which decreases to zero at time equal to 

603 milliseconds. The peak total load (Pq), at time-equal-to-zero, is calculated 

as 10, 125 pounds. 

From Figure B-2, the natural period of the beam obtained from the oscillation 

of the acceleration trace is 

T = 35 msec/cycle 
n ' 

The natural circular frequency may then be calculated as 

i£ = = 0. 180 rad/msec or 180 rad/sec 

The *pring constant is calculated as 

2 0.78(1,021)(180)2 _ ,, 1L/. 
k = m cc = --- = 66,777 lb/in. 

e 386.4 
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P(t) 

crx i t 

A. The beam B. Equivalent system 

Figure B-l. The beam and its equivalent single-degree- 
of-freedom system. 

Calibration Factor 

load 75.47 lb m. in. 

load 0 

at t 603 msec 

Figure B-2. Oscillogram for Beam A, dynamic test 2. 
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The spring constant, k, rray be calculated theoretically by first determining 

the natural period of vibration, ^ 

T. H 

n " w 2 VEIg 
ffn ' 

where L = clear span length of Leam, inch 

mode of vibration n = 

cross-sectional area, inch A 

y 

E 

I = moment of inertia, inch 

9 

= weight of material per unit volume, Ib/in 

« 

= modulus of elasticity of concrete, Ib/in. 

4 

acceleration due to gravity, in. ^ec 

. 3 

1' = 
2 (148T 

7.75(10) 
1,021 

%4.7 X ,06) ^01 (336) 

7.75(10) (148)— = 0.0338 sec = 33.8 msec/cycle 

12 

The natural circular frequency may then be calculated as 

2 IT 
VC* =-^5-= ,85.89 rad/sec 

from which the theoretical stiffness is found as 

k = m UJ = 71,000 Ib/in. 
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The experimental values will be used in solving the differential equation. 

The logarithmic decrement for one cycle is (see Figure B-2) 

« '"(-f) 
1 

"(¡nr) °-6932 

The damping factor is then 

£ ' f 2 2 6 + Air 

0. 1 ! or 11 percent 

Inserting the numerical values from test 2, Beam A, in Equation B P.-1 

y = 0.15162 1.00203 - e'19-8t sin (178.90920 t) 

1.00203 e'19'8t cos (178. 90920 t) - 1.65837tj (B2) 

Taking time increments of 5 milliseconds, the corresponding deflections were 

calculated from Equation B2 and plotted in Figure B-3. The experimental deflection¬ 

time curve for Beam A, test 2, in Figure F-l is replotted in Figure B-3 for comparison. 

T.me, t-- (sec) 

curve 2 • Enpenmentol 

Figure B-3. Comparison of theoretical and experimental deflection 

for Beam A, dynamic test 2. 
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Appendix C 

PHOTOS OF BEAMS 

59 



k ('
\ 'r

••

_c
u
c

c

rt
CN

'o

■§
_0
o
E
?

“D
O

2
'o
<

4)
CO

3
O)

iZ

i.

-C

c

o
4)c

-O'

CN

'o

■§
_0

o

o

o
w

'o
CD

Eo
4>

CD

04
I

U

3
OJ

.£
U
c

?

I
“o

_o
I.*

'i
?

“O
0

%
5:
U

U

1
cS
ro

I
U
S
3
O)



oc

o
Vc

s
<N

“Ooo

c
-o

V
4:o

Eo

a
3
0»

-c

c

-C
(Jc

o
V

CNo

-co
O

6oc
X

-O

V

UJ

V
cfi

uS
Iu
0»
5o>

_cuc

n
4>
C

CN
(N

O_o
KJ

*E
g

*o

£
o

u.
Eo

u
D
O)

f r r



ir

c I _____ %

f

-JL:

8
C

CM

“Ooo

Eoc
X~o

0>

o

J!
r>:

I
U
V
Da>

1

3
CM

'o
-O
8

o

o

o
X

cS
00

t
U

D
O)

-Coc

COo
CM

O

V

o

iS

o'
Iu
w
3o>

Li



Appendix D 

MODE. OF FAILURE OF BEAM B 
(MAXIMUM STATIC LOAD OF 219 LB/LINEAR INCH) 

The locations of the cracks in the concrete are shown in Figure D-l. 

The initial prestress steel strains measured are 

Cj = 3,630 4in./in. 

= C, 490 uin./in- 

The initial stresses are 

f1 = 28.8 * = 104,300 psi 

f = 28.8 X C» = 100,500 psi 

Avg f = 102,400 psi 

The strains at ultimate load are 

€ j = 2,490 + 3,630 = 6,120 uin./in. 

c3 = 1,540 + 3,490 = 5,030 jiin./in. 

which is less than the 0.2-percent yield value of 7,550 (iin./in. 

13 
Thè extreme fiber stress of concrete at cracking load should be : 

f| - 7.5 JF - 7.5^29^= 640 psi 
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Initial concrete stress is 

f . 
ci 

2JA g 2(102,400)(0.7) r 
bd 7.75(10) ' P 

Determ.ne the limit of flexural cracks by first oblaining the cracking moment, 

M = (f . + f')(S) = (1,850 + 640)(129) = 321,000 in.-lb 
c ci t 

The distance, x, of the last crack from one end of the beam is then obtained by 
equating the external and internal moment: 

Vx 
2 

wx 
2 

M 
c 

2 
16,200 x - 219 y = 321,000 

x = 23.6 inches from the support 

Check the diagonal tension stresses at 25 inches from the support and 2 inches 
from the bottom of the beam. The shear at 25 inches from the support, V25' is 

v25 = -y - 25 w = 219 - 25(219) = 10,725 lb 

The moment at the same location is 

M25 

2 2 
= 25 V - w(2^~ = 25(16,200) - 219 = 336,600 in.-lb 
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Calculating the statical moment, Q , of an area 2 inches from the bottom of the 
beam, 

Qs = 2(7.75)(4) 62 in. 
3 

the unit shear, Vj, at 25 inches from the support is calculated as 

V25Qs 10,725(62) _ 
v2 lb 645(7.75) 

psi 

The corresponding fiber stress, f2> is then 

M25y 
- 0.71 = 336,yo(3) _ 0_7(l>850) = 270 

645 
psi 

By drawing the Mohr circle, the values of the principal compressive and tensile 

stresses were determined to be 53 psi and 327 psi respectively. ^ Since 327 psi is 

about one-half of the cracking stress, the beam is not likely to fail by shear and 

diagonal tension. 

In investigating bond, for a 0. 197-inch-diameter clean wire, the full prestress 

is obtained at a distance, L', of 20 inches from the free end. I Assuming that this 

value is approximately the same for a 1/4-inch-diameter wire, the bond stress may 

be calculated as 

2 f A 
s s 

L‘ (So) 

2(102,400)(0.05) 

20 (0.786) 
650 psi 

u 
avg 

1 
■«“ u 2 m 

325 psi 

The average bond failure (160 to 220 psi) generally occurs when the flexural 

cracks spread out from mid-span to the ends. 

It is thus concluded that the beam failed in bond when the flexural cracks 

developed at 23.6 inches from the support (theoretically), which caused an increase 

in steel stress there. 
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Appendix E 

STATIC LOAD-DEFLECTION CURVES AND STATIC LOAD-STRAIN CURVES 

FOR BEAMS B, H, AND K 
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300 

Figur« E-l. Static load-deflection curve for Beam B. 
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Fiyuie £-2. Static load-deTiecrion curve for Beam H. 
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Appendix F 

DEFLECTION-TIME CURVES RECORDED BY ROTATING DRUM 
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Figure F-l. Deflection-time curves, Beam A. 
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Figure F-2. Deflection-time curves, B*on s A and C. 
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Figure F-3. Deflection-Hme curvei, Beam* C and E. 
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Figure F-4. Deflection-time curves. Beams D, E and F. 
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P«ok 

Load 
(lb/in.) 

127.8 

Max. 

Dali. 

(in.) 

0.37 

Beam 

No. 

G 

Teil 

No. 

12 

Perm. 

Défi. 

(in.) 

0.00 

\ r 

\ 
i 

1 

„ „-J 

G 0.00 13 53.8 .14 

1 
in

c
h

 100 ms«c 

64.8 14 0.00 3.17 G 

Figure F-5. Deflection-time curves, Benm G. 
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Figure F-6. Deflection-time curve*, Beam G 
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