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ABSTRACT 

An experimental study of the relaxation behaviour of beams consisting of 
chopped-strand mat glass fibre reinforced polyester (CSM-GRP) beams 
under three point bending was carried out on twelve specimens cut from a 
sheet of  laminate constructed by hand lay-up. Other preliminary tests were 
conducted to commission the rig, where a beam specimen was loaded 
through a screw system to give a fixed deflexion. The load and the bending 
strains were then measured continuously. Marked reductions of load and 
bending strains were seen in the tests, where the period of relaxation varied 
by up to 97 hours. A preliminary model with a time-dependent transverse 
shear modulus was proposed to represent load and strain relaxation 
behaviour. Some success was achieved, but strain behaviour at the two 
surfaces was different and is so far unexplained. 

N O T A T I O N  

a 
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G13 

half span of  beam specimen 
area of  cross-section of beam specimen 
Young's  modulus 
beam deflexion 
through-thickness shear modulus (modulus of rigidity) 
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G 13.1 initial shear modulus 
G ~(t) relaxation modulus (or time-dependent modulus) 
tl thickness of beam specimen 
l second moment of area of beam cross-section about neutral axis 

of bending 
k a constant factor in eqn (10) 
Q load on beam 
Q(t) relaxation load 
t time (in minutes or hours) or duration of relaxation 
w width of beam specimen 
a a constant factor in the following formula: 

G t 3 ( t )  = G13,1e '" 

(where the dimension of a is min t) 
Ec compressive strain 
el initial strain 
e, relaxation strain 
I~T tension strain 
q) percentage reduction of relaxation of strain or load, 

e.g. ~b - - -  100% 
E~ 

4) average relaxation rate within a certain period of time (= oh~t) 
u Poisson's ratio 
For directions 1, 2, 3 see Fig. 2 

1 INTRODUCTION 

Chopped-strand mat glass fibre reinforced polyester (CSM-GRP) is now 
widely used in the chemical and process industries for pressure vessel and 
pipeline systems where corrosive environments occur. The present study is 
concerned with laminate made by hand lay-up with glass supplied in the 
form of chopped-strand mat (CSM). Creep and relaxation phenomena 
have been observed in the bending tests of pipe bends made in this way. ~ In 
order to characterize the relaxation (or creep) behaviour of this kind of 
material, relaxation experiments were conducted on beams of the same 
type of material under three point bending in the same ambient environ- 
ment as that in which the pipe bends were tested. In the test procedure the 
beam specimen was loaded by a screwed bar until the bending strains 
reached predetermined values, after which the deflexion was kept constant, 
and the load and strains were measured continuously. Twelve specimens 
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were tested, and the results show similar relaxation phenomena to those 
which arose in the pipe bend tests. 

To explore the relaxation mechanism, a finite element method (FEM) 
computation was conducted. Using experimental data and the FEM 
results, a simple relaxation model involving a time-dependent transverse 
shear modulus was proposed. 

2 EXPERIMENTAL DETAILS 

2.1 Specimens 

The material tested was E-glass fibre CSM reinforced by polyester resin 
Atlac 382.05 which has a strain to failure of 3.6% to 4.2%. A laminate 
panel was made commercially, using a flat sheet of glass for hand lay-up 
purposes. The method adopted was identical to that used for fiat coupons 
manufactured in the same manner and at the same time as pipes for 
purposes of material testing. A typical wall construction is shown in Fig. 1. 

Straight 

j / P i p e  ~ Outer Surface 'C' C4ass 

/e J J ~ J ~ 4  Layers of 'E' Glass 
,,/ C S M (O6 kg/m Glass) 

"~- '~"--~lnner Surface 'C' Grass 

DETAIl 'C' showng 
' Wall Composition 

Fig. 1. Typical GRP pipe wall construction. 

This results in a resin-rich layer and a smooth surface on one side 
(equivalent to the inside of the pipe) and a somewhat less resin-rich layer 
on the other side (equivalent to the outside of the pipe), which is 
undulating. 

Seventeen specimens were cut from the panel by an electric saw, and 
ground to have uniform width. The thickness and width were measured by 
a micrometer at a number of points, and mean values are given in Table 1. 
A noticeable nonuniformity of the thickness was seen for some specimens. 
All the specimens tested were instrumented with two strain gauges 
measuring longitudinal strain on both surfaces in a three point bending 
arrangement. The positions of the two gauges were 5 mm from the centre 
of the span (126 mm) so as not to coincide with the central loading point 
(see Fig. 2). The strain gauges had a gauge length of 2 mm and a gauge 
factor of 2-1. 
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TABLE 1 
Specimen Details 

Specimen 
No. 

Thickness 
h (mm) 

Width 
w (ram) 

Initial Maximum Duration 
deflexion load of relax. 
f(mm) Q (kgf) t (h) Remarks 

1 8.90 20.50 
2 7-64 25.55 5.45 81.25 27 
3 9-30 21.35 
4 8.00 23.65 4.44 64.89 24 
5 8-10 22.80 
6 8.13 22.84 
7 9-00 22.98 1.26 29.10 46 
8 8.60 22.25 2.60 45.50 96.5 
9 8.05 22-91 4.45 62.50 72 

10 9.17 23.03 2.77 66.10 44 
11 8.95 22.68 2.81 56.40 71 
12 7.98 22.74 3-66 56.90 97 
13 9.12 23.68 3.26 55-20 49.5 
14 8-10 23.15 5.18 81-25 71.5 
15 8.28 22.97 1.59 27.32 72 
16 8.20 22-55 1.56 29.70 72 
17 9.21 21.84 1.28 26.70 43 

Preliminary 

Preliminary 

Preliminary 
Preliminary 

Battery change 

i 

Specimen ~__~Strain I ! / gauge 

t 
Fig. 2. Strain gauge positions. 

2.2  Test  rig and instrumentation 

T h e  e x p e r i m e n t a l  se t -up  is shown  schemat ica l ly  in Fig. 3. T h e  s p e c i m e n  
was  s u p p o r t e d  o n  two  lower  anvils  and  loaded  t h rough  an  u p p e r  anvi l  by  a 
s c r ew  ba r ,  wi th  a s t ra in  gauge  load  cell be ing  c o n n e c t e d  in line b e t w e e n  the  
u p p e r  anvi l  and  the  screw bar .  

T h r e e  s t ra in  ind ica tors  w e r e  used  to m e a s u r e  load  and  the  bend ing  

s t ra ins  s epa ra t e ly .  T h e  th ree  units were :  a ' P e e k e l  Stra in  Ind i ca to r  T y p e  
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t_~ , ~  Upper anvil 

, Specimen 

Lower anvil 
, i i Ii Load cell 

I ~  ~we~:l bQr 

I 

i 

Fig. 3. Test rig. 

CA660',  for measuring the load via the load cell; and a 'Peekel Strain 
Indicator Type 581 DNH'  and a 'Vishay Strain Gauge Indicator P-3500', 
for measuring the tensile and compressive surface strains, respectively. 

Before the formal tests, some preliminary tests were done to check the 
instruments,  and these included calibration of the strain gauge load cell, 
which was in the form of a tensile strip. Drift tests over a period of several 
days were conducted. A precise resistor was connected to the strain 
indicator, and the reading was monitored continuously. The stability of 
each unit was assumed satisfactory when the drift was limited to 8 × 10 -~ to 
10 × 10 -6 strain over a period of 24 hours. It was found that using three 
channels of one strain indicator for the three quantities being measured in 
the relaxation tests was unsatisfactory, because switching from one channel 
to another  caused some discontinuity in the reading, presumably because 
of the change of contact resistance of the switch. 

2.3 Experimental procedure 

The following procedure was followed. 

(a) The specimen was positioned on the top of the two lower anvils, but 
the upper  anvil was above the specimen and not touching it. Zero 
readings were taken from all three strain indicators. 
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(b) The upper anvil was lowered, and positioned at the centre of the 
specimen. A thin felt insert was positioned between the knife edge and 
the specimen to prevent the knife edge from indenting the specimen. 
The rig's dead weight of 5.5 kgf was applied to the specimen. 

(c) The dial gauge on the top of the upper anvil was set, and its initial 
reading taken. The three strain indicators (one for load, one for tensile 
bending strain, one for compressive bending strain) were then read. 

(d) The specimen was loaded through the screw step by step by controlling 
the deflexion. The increment of the deflexion in each step amounted to 
one or two revolutions of the needle of the dial gauge, one revolution 
of the needle being equivalent to 0.254 mm. The applied deflexion was 
finally made to correspond to the bending strains required for the 
particular test. 

(e) In the first hour of the relaxation process, readings were taken every 5 
or 10 minutes. After one hour, the time interval for taking the readings 
was progressively longer. The date, time, temperature and humidity 
were also noted along with the strain readings. The duration of the 
relaxation tests varied between 2 and 4 days. 

(f) On termination of the relaxation test, the specimen was unloaded in 
decrements.  

(g) Finally the dial gauge was removed, the upper anvil lifted, and the 
specimen left to recover with no load on it other than its own weight. 

(h) The duration of the recovery was between 1 and 10 hours. The 
readings of the residual strains were finally taken to complete the test. 

3 E X P E R I M E N T A L  RESULTS AND DISCUSSION 

Of the 17 specimens, 5 were used for the preliminary tests, and the other 
12 were used for complete relaxation tests. According to the maximum 
initial bending strains applied, the 12 specimens were divided into 3 groups 
as shown in Table 2. Each group can also be separated into two 
sub-groups. In one sub-group the specimen was tested with the smooth 
surface in compression (uppermost) and the undulating surface in tension, 
whereas the other sub-group was tested in the opposite sense (i.e. 
undulating surface uppermost).  Figure 4 shows schematically the whole 
process for the test on specimen No. 11 as typical of the behaviour of all 
specimens. The plots illustrate the variations of deflexion, load and strains 
with time. For convenience the time coordinate (abscissa) has a different 
scale for the different intervals of time. 

A noticeable feature of Fig. 4 is that in the relaxation process the tensile 
strain of  the undulating surface reduced far more than the compressive 
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TABLE 2 
Grouping of Specimens 
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Group 
No. 

Test configuration 
Maximum 

initial Undulating 
Specimen bending strain surface 

No. (10-6 m/m) in tension 
Smooth surface 

in tension 

15 Yes No 
16 Yes No 

3 000-4000 
17 No Yes 
7 No Yes 

10 Yes No 
11 Yes No 

6000-7000 
8 No Yes 

13 No Yes 

4 Yes No 
14 Yes No 

10 000-13 000 
2 No Yes 
9 No Yes 

m m /  25/, 2.5/, 2-55 

i I 

o/o I 0.701 0674(1°1o reduction) 0.700(0.14 °/e reduction) 

°oY' Ec ~ 

E~. O[ / 0311(SO9*/,redudion) 
, 

ILl 
miW ~ I~n " t ime (t) rain 

Fig. 4. Plots of deflection, load and strains with time, Specimen No. 11. 
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TABLE 3 
Maximum Initial Strains 

Maximum tensile 
strain (10 -6 m/m) 

Maximum compressive 
strain (10 -6 m/m) 

Percentage by which 
undul, strain is 

less than smooth 
strain 

Specimen 
No. Undul. Smooth Undul .  Smooth 

Smooth Undul. 
in in 

tension tension 

15 
16 
7 

17 

10 
11 
8 

13 

4 
14 
2 
9 

3 202 
3 655 

6 360 
6 334 

10 153 
10 345 

3 767 
4 005 

3 380 3 391 -0"3 
3 773 3 242 14.1 

7 269 
7010 

6640 6618 0.33 
6603 6302 4.56 

10 774 
13 229 

13 644 12 128 11.1 
12 500 10 459 16.3 

15 
8"7 

12"5 
9"6 

5.8 
21.8 

kgf 

8C 
Q 

6C 

AO 

20 

S 
re aQi°n ' 

0 I0 2"0 3"0 4-0 5"0 
f mm 

Fig. 5. Variation of load with deflection, Specimen No. 2. 
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m/m x I(] 3 

4 

n No. 15 (smooth) 
o No.15(undul.) 
• No. 17 (smooth) 
• No. 17 (undul.) 

3 
E 

2 

I 

0 ,6 36 
0 

Fig. 6. Variation of strains with load, Specimen Nos 15, 17. 
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14 

12 
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£ 

8 

6 

4 

• No. 2 (smooth) 
• No.2 (undul.) 
D NOI4 (smoot.h) 
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O 

Fig. 7. Variation of strains with load, Specimen Nos 2, 4. 

strain of the smooth surface; during unloading after relaxation, the tensile 
strain of the undulating surface changed sense, so that the strains on the 
two surfaces had the same sense after unloading. In the recovery process 
the strains decreased gradually to small values. 

The bending behaviour in the loading process (together with the 
unloading process) is shown in Table 3 and Figures 5, 6 and 7. It can be 
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T A B L E  4 
Experimental Results---Load Relaxation 

Load relaxation 

Short-term Long-term 
Maximum 

load Relax. Relax. 
Specimen Qmax Time Reduction rate Time Reduction rate 

No. (kgf) (min) (%) (%/h) (h) (%) (%/h) 

15 27.32 85 6-7 4-7 72 13.3 0.18 
16 29-70 60 3.0 3-0 72 14.5 0.20 
7 29-10 60 6.2 6-2 46 20.6 0.44 

17 26.70 60 5.6 5.6 43 9.0 0.21 

10 66.10 60 5.9 5.9 44 13-8 0.31 
11 56.40 60 5.3 5.3 71 16.1 0.23 
8 45.50 85 7-9 5.5 96 17-4 0.18 

13 55.20 60 6.5 6-5 49.5 17.6 0.36 

4 64-89 60 5.6 5.6 
14 81-25 45 7.8 9.8 71.5 14-5 0-20 
9 62.50 60 5.4 5.4 72 15.5 0.22 
2 81.25 70 7.4 6.3 27 15.0 0.56 

Mean value 5.8 Mean value 0.28 

seen that the bending strains were not symmetric with respect to the 
geometric neutral surface. For all specimens with the exception of speci- 
men No.  7, the strain on the smooth surface was greater in magnitude than 
that of the undulating surface, no matter which surface was in tension or in 
compression. The plots of load versus deflexion in Fig. 5 are approximately 
linear in both loading and unloading processes; the gradient for loading is 
sensibly the same as that for unloading. Figures 6 and 7 show that when the 
strain is smaller than 0.6%, the plot of load versus strain is linear, whereas 
when the strain is larger than 0-6%, the plot exhibits nonlinearity. 

The results of relaxation tests are summarized in Tables 4 and 5, and 
Figures 8, 9 and 10. In the tables the percentage reduction of the strain due 
to relaxation within a certain time period was calculated as 

t~ ----- 100(~ I -- Et)/~l (1)  

where EI and E, are the initial strain and strain after relaxation, respectively. 
The average relaxation rate was given as 

= cb/t (2) 
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TABLE 5 
Experimental Results---Strain Relaxation 
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Maximum initial 
strains 

(10 -6 m/m) 

Relaxation of strains 

Short-term Long-term 

Relax. rate Relax. rate 
(%/h) (%/h) 

Specimen Tensile Compressive Time Time 
No. strain strain (rain) Tens. Comp. (h) Tens. Comp. 

Undul. Smooth 
15 3 202 3 767 85 25.2 0.56 72 0.80 0-04 

Undul. Smooth 
16 3 655 4 005 60 30.0 1.9 72 0.92 0.07 

Smooth Undul. 
7 3 380 3 391 60 3.25 2.9 46 0.15 0.43 

Smooth Undul. 
17 3 773 3 242 60 2-65 8.6 43 0.15 0-38 

Undul. Smooth 
10 6 363 7 269 60 23.0 0.39 44 1.22 0.01 

Undul. Smooth 
11 6 334 7 010 60 18.3 1.0 71 0-72 0.002 

Smooth Undul. 
8 6 640 6 618 85 1.20 3.2 96-5 0.07 0.44 

Smooth Undul. 
13 6 603 6 302 60 0.53 5.0 49.5 0.03 0-76 

Undul. Smooth 
4 10 153 10774 60 11.1 0-28 

Undul. Smooth 
14 10 345 13 229 45 33.1 0.40 71-5 0.69 0.0 

Smooth Undul. 
9 12 500 10 459 60 0.88 4-5 72 0.04 0.77 

Smooth Undul. 
2 13 644 12 128 70 0.43 10.0 27 0.02 1.61 

Mean value 7-85 0-42 

T h e  p e r c e n t a g e  r e d u c t i o n  o f  load,  and  the  ave r age  load  r e l axa t ion  ra te ,  
a r e  c a l c u l a t e d  by  s imi lar  express ions  to eqns  (1) and  (2). 

A n a l y s i n g  the  resul ts ,  the  fol lowing r e m a r k s  can  be  m a d e .  
(1) T h e  r e l axa t i on  ra te  o f  the  s t rain at  the  undu la t ing  su r face  of  the  

s p e c i m e n  is l a rge r  t han  tha t  o f  the  s m o o t h  sur face  o f  the  s p e c i m e n ,  no  
m a t t e r  wh ich  su r face  is in t ens ion  or  in compres s ion .  In  pa r t i cu la r ,  for  the  
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Fig. 8. Strain relaxation curves, Specimen Nos 15, 17. 
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Fig. 9. Strain relaxation curves, Specimen Nos 10, 13. 
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Fig. 10. Strain relaxation curves, Specimen Nos 2, 14. 
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case where the undulating surface is in tension, the relaxation rate of the 
strain on the undulating surface is much larger than that on the smooth 
surface; when the smooth surface is in tension, the difference between the 
strain relaxation rates of the two surfaces is smaller than when the 
undulating surface is in tension. This phenomenon coincides with the 
observations in pipe bend tests ~ under in-plane bending where flattening of 
a section, and hence shell bending, occurs.2 

(2) Figures 8, 9 and 10 show that the value of the initial bending strain 
has some effect on the shape of the relaxation curve for the strain on the 
undulating surface. When the initial strain is smaller than 0.01, the strain 
relaxation rate of the undulating surface is a decreasing function of time; 
when the initial strain is larger than 0.01, it becomes an increasing function 
within the time period of one minute. The initial strain has no significant 
effect on the relaxation rate of load. 

(3) During relaxation tests, the deflexion of the beam specimens 
changed a little, because of the changes of temperature and hence load, 
and of the elasticity of the loading arrangement, but the change of 
deflexion was so small that the assumption of constant deflexion can 
reasonably be made. 

(4) The ambient temperature had some effect on the relaxation rate. 
The temperature at night and at weekends (being 15°C to 16.5°C in 
January and February) was much lower than that in the normal working 
day (20.5 °C to 26°C). Consequently, the relaxation rate at night and at 
weekends was smaller than that during the working day. In spite of this, 
the results are still comparable in that all the specimens had some period in 
the daytime and some at night, while all initial and final times were in the 
daytime. As far as short-term relaxation is concerned, the comparability of 
the results is beyond question, because this period of time was always in 
daytime. There was no apparent effect of humidity, which fluctuated 
between 45% and 65%. 

4 RELAXATION MODEL 

Explanation of the relaxation mechanism is now attempted, with reference 
to Fig. 11. During the relaxation process, it is assumed that the bending 
deflexion decreased gradually, while the shear deflexion increased at the 
same speed, so that the total deflexion remained constant. Because the 
transverse shear modulus G 13 (for directions 1, 2, 3 see Fig. 2) is governed 
by the resin matrix, it is assumed that during the process of relaxation it 
reduces gradually with time, resulting in shear plastic flow. If the shear 
flow increases, the bending strains would decrease, thus releasing the 
associated strain energy. 
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(a)  Before relaxation 

(b) After relaxation 

Fig. 11. Relaxation mechanism: (a) beam before relaxation; (b) beam after relaxation. 

(a) Undeformed pattern 

(c) Local enlargement 

Fig. 12. Finite element mesh pattern: (a) undeformed; (b) deformed; (c) local enlargement 
at B. 
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On the basis of the concept described above, an FEM calculation was 
conducted. The two-dimensional 8-node quadrilateral isoparametric 
element was utilized. The finite element mesh pattern is shown in Fig. 12, 
where the right-hand half of the specimen only is considered. The assumed 
support condition is that point B is fixed in the vertical direction, but it is 
free in the horizontal direction. The loading condition is that a constant (5 
mm) vertical deflexion is imposed on point A, the central point of the 
beam specimen. The symmetric displacement condition is imposed upon 
the nodal points on the symmetric line AC. The calculated deformed mesh 
pattern is shown in Fig. 12(b). Two kinds of material model were assumed: 
isotropic and orthotropic. Two different transverse shear moduli were used 
in the calculations, one being the initial modulus G13,t, and the other the 
relaxation modulus Gt3(t). We assume that G13(t) is equal to one tenth of 
G13,~. The material constants used in the calculation are from experimental 
results, 3'4 and are given together with the calculated results of strains in 
element No. 6 and element No. 12 (see Fig. 12(b)) in Table 6. The strain 
values are the average strains for the two elements, respectively. The 
distance of the central point of element No. 12 from the central line of the 
beam AC is approximately 5 mm. 

The following can be seen from Table 6. 

(a) The normal strain of element No. 6 is larger than that of element No. 
12, whereas the opposite is true for the shear strains. The percentage 
reduction of the normal strain caused by the reduction of G13 for 
element No. 12 is larger than that for element No. 6. For shear strain, 
the opposite is true, and the change is much more significant than the 
change in normal strain. 

(b) When the shear modulus 613 was reduced to one tenth of its initial 
value, the reduction of the normal strain of the element No. 12 was 
21%. This is for the orthotropic model which is more realistic than the 
isotropic model. 

Using the relaxation mechanism assumed earlier in conjunction with the 
calculated results of FEM, the following relaxation model was proposed: 

G13(t) = G,3,ie -~' (3) 

where c~ is a constant to be determined. 
From the test data in Table 5, the mean percentage reduction of the 

strain relaxation in the short-term relaxation was 7-85% per hour; from 
FEM results of the orthotropic model in Table 6, we know that when G13(t) 
is equal to one tenth of G13,I, the normal strain reduces by 21%, which is 
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TABLE 6 
Computational Results of FEM 

Elastic 
Material constants 
model (GPa) 

Tensile strain Shear strain 
Shear 

No. of modulus Value Change Value Change 
element G13 (GPa) (10 -6) (%) (10 -6) (%) 

Isotropic E = 7.0 

material v = 0.34 

Orthotropic E~I = El2 
= 9.81 

material E33 = 5"203 
v13 = 0"34 

2.61 11060 210 
6 -8-0 +2 119 

0.261 10 180 4 660 

2.61 10 700 540 
12 - 10-2 + 1024 

0.261 9 610 6 070 

1.43 10 850 627 
6 - 18.8 + 1678 

0.143 8810 11 150 

1.43 10 460 1410 
12 -21.0 +890 

0.143 8 280 13 960 

e q u i v a l e n t  to  the  m e a n  s t ra in  r educ t ion  m e a s u r e d  in 160.5 min  (60 × 21/ 

7 .85) .  T h u s ,  f r o m  eqn  (3),  we  have  

0.1 = e -160"5" (4) 

a = 0.0143 min 1 (5) 

Subs t i t u t i ng  a in to  eqn  (3), we  ob ta in  

G13(t) = 0~13.1 e -0.0143, (6) 

w h e r e  t i m e  t is in minu tes .  
T h e  r e l a x a t i o n  m o d e l  g iven by  eqn  (6) is now appl ied  to the  e x p e r i m e n t a l  

resu l t s  for  load  re laxa t ion .  T h e  express ion  for  cent ra l  def lexion f is g iven  
as 5 

a3Q(t) aQ(t) 
f - ~- - -  (7) 

(6El)  2AG13(t) 

w h e r e  a is ha l f  the  span ,  A is the  b e a m  cross-sect ional  a rea ,  a n d  I is its 
s e c o n d  m o m e n t  o f  a r ea  re levan t  to bend ing  o f  the  b e a m ;  Q(t)  is the  
r e l a x e d  load  a f t e r  t ime  t. E is Y o u n g ' s  modu lus ,  which  is g o v e r n e d  main ly  
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by fibres, and its relaxation can be ignored compared with G13(t). From the 
condition of constant central deflexion, df/dt = 0, the following equation 
is obtained: 

_ { za2G13(t) } 1 dGla(t)  1 dQ(t)  1 +  (8) 
G~3(t) dt  Q(t) dt 3El  

Combining eqns (3) and (8), and integrating, we have 

Q(t) = O~(1 + k)e-~'/(1 + ke ~') (9) 

where k is a constant factor, given by 

k = A a 2 G13,1/(3EI) (10) 

By using the mean values of the dimensions of the specimen, the value of k 
can be calculated. The prediction of the load in the time period of 60 min 
was  

{Q(t)},  = 6o = 0.958Q(t)  (11) 

This means that the load reduction in 60 min is 4.2%, which is in 
reasonable agreement with the experimental results (see Table 4), where 
the mean relaxation in load for the first hour was 5.8%. 

5 CONCLUSIONS 

(1) The relaxation behaviour which occurred in three point bending tests 
on GRP beams constructed from glass in the form of chopped-strand 
mat was similar to that occurring in tests on pipe bends of the same 
material under in-plane bending. 

(2) The manufacturing method involving hand lay-up resulted in bending 
and relaxation behaviour which was unsymmetric about the middle 
surface of the laminate. 

(3) The undulating surface (i.e. that finally formed during the lay-up 
process) relaxed much faster than the smooth surface formed in the 
initial part of the lay-up process. This was especially so when the 
undulating surface was in tension, and there is so far no explanation for 
this behaviour. 

(4) A relaxation mechanism was proposed assuming shear flow in the 
resin. Using this idea, together with an FEM analysis of the beam, 
resulted in a proposed method of calculating relaxation behaviour 
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which gave results that were reasonably comparable with the experi- 
mental  results for load and average surface strain. It involved the use 
of a modulus of rigidity varying with time in the following manner:  

Gi3(t) = G13.1e "' 
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